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SUMMARY 


This technology development was concerned with improvements in the 
reception and rectification of microwave power at the receiving terminal of a 
free-space power transmission system and,more specifically, with its application 
to the rectenna receiving array in the solar power satellite concept. In this 
system, large areas of the array operate at relatively low power density levels, 

A 20 percent improvement in the efficiency of elements operating at these levels 
was obtained by a combination o)‘ circuit and diode redesign. GaAs-W Schottky 
barrier diodes were designed and constructed to provide a lower voltage drop 
across the diodes to improve efficiency^ 

A major accomplishment was the adaptation of previous rectenna technology 
to the more economically desirable two- plane construction format in which the 
foreplane provides the functions of collection, rectification, filtering, and DC 
power bussing and collection. A metal shield in the foreplane was designed to 
provide environmental protection and to act as a structural element in the rectenna 
array. 

Improvements in measurement and analytical techniques that were achieved 
were: mathematical modeling and computer simulation of the basic receiving 

element that checked out well with experimental data; quantitative measurement 
techniques for experimentally measuring diode and circuit losses; and an accounting 
method for balancing the microwave power input against the sum of DC power output 
and diode and circuit losses to achieve better confidence in efficiency measure- 
ments. 


1.0 INTRODUCTION 


The RF to DC Collector/ Converter technology developrnent v/itb which this 
report is concerned is in support of the larger -chnoiogical development oi free 
space power transmission by means of a microwave beam. The efficient free- 
space transportation of energy by electromagnetic beam brings a new three- 
dimensional aspect to the transfer of electrical power and permits the coupling of 
terrestrial power transmission systems to power sources and sinks located .n the 
earth' s atmosphere and space. 

This report relates to the application of free space power transmission in 
which the sun's energy is captured in equatorial geosynchronous orbit, converted 
to electrical power, and then sent to Earth by means of a microwave beam. At 
the earth' s surface the microwave power is efficiently collected and converted 
back into DC electrical power. Improvements in the performance of this receiv- 
ing system and its reduction to a practical design are the specific, subject 
matter of this report. 

To place the work to be reported upon in proper perspective, it is desirable 
to define and review the technology of free- space power transmission with partic- 
ular emphasis upon prior RF to DC collector/ converter technology. 

1. 1 Description of free-space power transmission by microwave beam and 
its early development. 

Freg-space power transmission by microwave beam is defined as the 
efficient point-to-point transfer of energy through free space by a highly collima- 
ted microwave beam. As a technology it includes the interchanging of dc and 
micio'.vave power at the transmitting and receiving ends of the system. Frcc- 
space is defined to exclude the use of any physically injected material such as 
waveguides or reflectors between the transmitting and receiving points of the 
system but not to exclude the presence of gaseous, liquid, oi congealed material 
that exists naturally in the earth' s atmosphere. 

Free-space power transmission as a technology is differentiated from 
the use of microwaves in free space for point to point communication purposes by 
its very high efficiency and by the magnitude of the power which is handled at the 
receiving point - being in many cases over 90 percent of the microwave power 
launched at the transmitting point. The efficient collection and conversion of this 
incoming microwave power to conventional electrical power comprises a unique 
technology which bears lutle relationship to the traditional methods of receiving 
and processing microwave energy in communication and radar applications. 

The concept of power transfer by radio waves was first pioneered by 
Tesla at the turn of the century. An acknowledged genius in low-frequency 

electric power generation and distribution, Tesla became interested in the 
general concept of resonance and sought to apply this to the transmission of ^ ^ 

electrical power from one point to another W'ithout wires. He built a large ' Icsia 
coil" with which he hoped to produce oscillations of electrical energy around the 
surface of the earth and set up standing waves into which he could immerse his 
receiving antennas at the optimum point. 
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With the advantage of historical perspective, we realize that these 
experiments were decades ahead of the unfolding of a technology that could ac- 
complish his objective. This new technology was based upon the early micro- 
wave experiments of Hertz (4), but had to await the development of efHcient gen- 
erators of microwave power. This capability began to emerge with the micro- 
wave generators developed for the radar of World War II and later for microwave 
communications . 

The event which directly precipitated interest in the use of micro- 
waves for power transmission was the support of the development of super-power 
microwave tubes by the Department of Defense in the early I960* s, This 

program resulted in high-efficiency tubes with such high power ^ ndling capability 
(several hundreds of kilowatts) that the use of microwaves for t i efficient trans- 
fer of large amounts of power became a distinct feasibility. 

The first demonstration of the efficient transmission of meaningful 
amounts of power by microwaves took place at the Spencer Laboratory of Raytheon 
Co. in May 1963 In this first demonstration, shown in Figure 1-1, the means 

used for collecting the power at the receiving end of the system utilized conven- 
tional antenna technology in the form of a pyramidal horn. The means used for 
rectifying the microwave power to DC power was a close- spaced thermionic diode. 
Neither of these technologies was completely satisfactory. The receiving horn 
was highly directive and because of the difficulty of matching its antenna pattern 
to that of the incoming beam its collecting efficiency was only 87%. The rectifier 
efficiency was only 50%. 

Nevertheless, as a result of this demonstration the Rome Air Develop- 
ment Center of the Air Force became interested in the concept of a microwave 
powered platform for communication purposes. The Raytheon proposal of a 
microwave powered helicopter to accomplish this objective and the resulting con- 
tract became crucial in determining the evolutionary path of the collection and 
rectification of microwave power from a free- space microwave beam; ''It was 
recognized that the pyramidal horn would not be satisfactory because of a combi- 
nation of its high directivity with the natural roll and pitch of the vehicle. It was 
also recognized that the limitations of the close-spaced thermionic rectifier would 
place severe limitations on the practicality of the platform. The “rectenna*’ 
device was proposed to the Air Force as a solution to this problem. The rectenna 
device made it possible to simultaneously solve the directivity and antenna pat- 
tern matching problems of microwave power collection and at the same time make 
practical use of the semiconductor device whose power handling capability had 
prevented it from being seriously considered for a system in which significant 
amounts of power were being handled. 

The Raytheon Company actually demonstrated a microwave powered 
helicopter using a rectenna prior to active work on the Air Force contract, but 
the Air Force contract was the basis for an extension of the effort and several 
notable demonstrations, including a ten hour continuous flight of the vehicle^ 'L 
Figure 1-2 shows the helicopter in flight. It was necessary, of course, to use 

laterally constraining tethers to keep the helicopter on the microwave beam but 
this limitation was later removed by a study and experimental confirmation 
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Figure l-l. First experiment in the efficient transfer of power oy means 
of microwaves at the Spencer Laboratory of Raytheon Co. in May 1963. In 
this experiment microwave power generated from a magnetron was trans- 
ferred 5.48 meters and then converted with DC power with an overall effi- 
ciency of 16%. A conventional pyramidal horn was used to collect the energy 
at the receiving end and a close- spaced thermionic diode was used to con- 
vert the microwaves into DC power. The DC power output was 100 watts. 
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Figure 1-2. Microwave powered helicopter in flight 18.28 meters above a 
transmitting antenna. The receiving array tor collecting the microwave 
power and converting it to DC power was made up of several thousand point 
contact silicon diodes. DC power level was approximately 200 watts. 
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that the microwave beam could be used successfully as a position reference in a 
control system in an automated helicopter which would keep itself positioned 
over the center of the beam' K 

This progression of efforts established the rectenna device as a. 
probable solution to the collection and rectification problem in a broad class of 
microwave power transmission applications, but much work remained to be done 
to make it a practical device in the context of the SSPS type of application. The 
opportunity to further evolve the rectenna device was largely the result of the 
interest of the Marshall Space Flight Center in applying microwave power trans- 
mission to the transfer of energy and power between satellites, ^ > and the con- 
tractual effort supported at Raytheon Company, 

In a more recent time frame very substantial advances in overall 
system performance have been made. These advances include a certified overall 
transmission efficiency of 54% starting with the DC power applied to the micro- 
wave generator and ending with the DC power out of the rectenna at the receiving 
point. A particularly impressive demonstration was made at the Goldstone 

facility of the Jet Propulsion Laboratory. In this demonstration power was trans- 
mitted over a distance of 1. 6 kilometers and a DC power output of over 30 kilo- 
watts was obtained at the receiving point. ' * 

Table 1-1 presents a summary of the early chronology of the collec- 
tion and rectification of microwave power. It will be noted that there was inter- 
est in microwave power transmission prior to any c^ability of efficiently con- 
verting microwave power directly into DC power. 

TABLE 1-1 

CHRONOLOGY OF COLLECTION &. RECTIFICATION OF MICROWAVE POWER 


1958 

1958 

1959-1962 


1962 


1964 

1964 


1968- 

Present 


First interest in microwave power transmission 
No rectifiers available - turbine proposed and studied 
Some government support of rectifier technology 

(1) Semiconductors at Purdue University 

(2) Magnetron analogue at Raytheon 

Semiconductor ana close- spaced thermionic diode rectifiers made 
available. 

First power transmission using pyramidal horn and close-spaced 
thermionic diode rectifiers - 39% capture and rectification efficiency 
not practical for aerospace application. 

RADC microwave powered helicopter application demanded non- 
directive reception, light weight, high reliability. 

Rectenna concept developed to utilize many semiconductor rectifiers 
of small power handling capability to terminate many small apertures 
to provide non-directive reception and high reliability. 

Continued development of rectenna concept to format with high power 
handling capability, much higher capture and rectification efficiency, 
and potentially low production cost. 
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1 . 2 Major Microwave Collector-Converter Technology Developments 


As a result of the early experience with the severe demands placed 
upon the receiving portion of a free-space microwave power transmission system 
and the discovery of the ability of the rectenna concept to cope with all of these 
demands, the history of niicrowave collector/ converter technology is alxnost ex- 
clusively that of the development of the rectenna. 

The following general requirements are placed upon the collector/ 

converter : 


• large aperture 

• high power handling capability 

• non-directive 

• high efficiency 

• ability to operate efficiently over a substantial frequency range 

• light weight 

• easy mechanical tolerances 

• ability to passively radiate any heat resulting from inefficient 

• operation 

• high reliability 

• very long life 

• minimal radio frequency interference 

• low cost. 

The rectenna has been lound to successiully meet all of these require- 
ments, with the possible exception of radio frequency interference. RFI, however 
in the form of harmonic power, is a special problem that confronts both the trans- 
mitter and the receiver. Since the harmonic level must be down to such low 
levels to meet non- inte r fi' rence requirements and meeting it by wave filters would 
result in such higher cost and reduced efficiency, the proper solution may be to 
have an allocation of trequencies for the harmonics that are generated in the 
system. 


The rectenna has gone through a number of development stages wliost' 
nature was largely determined by the motivational influences of the period and the 
state of development of diodes. These stages are outlined with the aid of Table 1-2. 

The microwave powered helicopter application was the dominant early 
influence and v/as responsible for the initial development of two separate embodi- 
ments of the rectenna concept. The very first rectenna, Figure 1-3, which estab- 
lished its general properties made use of a rectenna element characterized by a 
halfwave dipole antenna terminated in a full-wave bridge. This developn'ient was 
based upon an early study of the solid-state diode as an efficient rectifier of 
microwave power by George ' and its adaptation as a rectifier of free-space 
radiation by Brown, et al. The rectenna elements were separated from 

each other by approximately one-half wavelength. Unfortunately, such a con- 
struction using the then existing point-contact diodes could not handle nearly 
enough power density to be used for the demonstration of a microwave -powered 
helicopter. A new configuration characterized by a dense compaction of diodes 


MAJOR KECTENNA DEVELOPMENT PROGRAMS 



Sft- rrf^r^nc«» in biMiography at and «>f this 


Figure 1-3, The first rcctenna. Conceived at Raytheon Company, it was built 
and tested by R. George of Purdue University. Compost'd of 28 half-wave dipoh' 
spaced one-half wave-length apart, each dipole terminated in a briclue-type rt'cti 
fier made from four IN82G point-contact semi-conductor diodes, A reflecting 
surface consisting of a sheet of aluminum was placed one-quarter wavelength 
behind the array. 




in a string-like construction in which the diodes themselves were part of the 
collectiorf process as well as the rectification process was developed and used 
sxxccessfSuy in the early helicopter work. (Figures 1-2 and 1-4. ) 

In time coincidence with the demonstration of the helicopter, Hewlett 

Si siiSSiS :#;• 

capability than me p forwarded by HPA for evaluation and their 

w^rcoTnrmed by R.n/aaorge d«. They were not put 
into a rectenna element format. 

In the time period from 1965 until 1970 there was no direct support of 

However, a substantial amount of development work on the r^mnna 
• j t u m r Ririwn iisinp o--ivate funds and time during thel967 to 
T968°Hmrper“od^ ThU work wal primarily aimed at designing a very light 

weiAtTecLnna itructure which utilised a rectenna element format consisting o. 

btTuX'e" Ssrc-ortric-f 

ri^mofnv R was ato demonstration of microwave power transmission 

m ^rMSFC Director Werner von Braun, and his staff. This demonstration may 
lave b“n a'"deSsivrf'actor in a decision to undertake the support of this work at 
MSFC during a time period of NASA contraction. 

In Spetember 1970 a demonstration involving the measurement of t..o 

LarsmltrtM^ish'aTIplce^girSm^^^^^^^ 

tion, rectification, and DC collection was performed in a single 

mr;r-ch ros^: drvXpm:^^^^^^^^^^ :fi:e"a:tiv^it;:;cler this contract. 

The MSFC demonstration of H.-VO indicated a 

array. 

It was therefore decided to space the elements more closely to each 
other and, il addition, terminate the Dc'output of each rectenna element in a 














Figure 1-4. The special rectenna made for the first microwave- powe red 
helicopter. The array is 0.6 meters square and contains 4480 IN82G point 
contact rectifier diodes. Maximum DC power output was 200 watts. 
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Figure 1-5. Greatly improved rectenna made from improved diodes (HP 29 nO) 
which are commercially available. The 0, ^ meter square structxire \\« ighs 
20 grams and can deliver 20 watts of output power. 
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Figure 1-7. Close-up view of first rectenna developed by Raytheon vmder MSFC 
contract. Microwave collector, rectification, and DC bussing of rectifi od po\V('r 
are all carried out in one plane. Rectenna elements are connecterl in series. 
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separate resistor to obtain a much greater range of data on the behavior of the 
rectenna. This latter decision involved a change in the manner in which the DC 
power was collected and instrumentedJ^O) output of each rectenna element 

was brought back through the reflector plane. This arrangement shown in 
Figure 1-8 provided such an enhanced capability to study and understand the per- 
formance of the rectenna that it was retained in the further development of the 
rectenna. (See Figure 1-9 for the later adaptation to a more recent MSFC 
rectenna. ) The construction, however, is not economical and is not recommen- 
ded for most applications. 

The changed collection geometry as shown in Figure 1-8 improved the 
collection efficiency to about 93%. Other changes improved the overall transmis- 
sion, collection, and rectification considerably (20)^ 

Because the diode rectifier is such an important element in the collec- 
tion and rectification process, a search for diodes which would improve the effi- 
ciency and power handling capability of the rectenna has been a continuing proce- 
dure. In 1971, Wes Mathei suggested that the Gallium Arsenide Schottky-barr ier 
diode that had reached an advanced state of development for Impatt devices might 
be a very good power rectifier and provided a number of diodes for testing. 

These devices were indeed much better. Their revolutionary behavior in terms 
of higher efficiency anJ. much greater power handling capability rapidly became 
the basis for the planning of improved rectenna performance. 


The knowledge of the superior performance of this device was coinci- 
dent with the advancement of the concept of the Satellite Solar Power Station by 
Glaser of the A. D. Little Co. (21) The earliest investigation of a rectenna 
design for this concept indicated that the economics of its construction would be 
crucial and that mechanical and electrical simplicity of the collection and rectifi- 
cation circuitry would be of paramount importance. This factor, combined with 
the fact that no harmonic filters had existed in previous rectenna element designs 
but would be necessary in any acceptable microwave power transmission systcr. 
rnotivated a completely new direction of rectenna element development. This now 
direction was the development of a rectenna element employing a single diofle in a 
half-wave rectifier configuration with adequate wave filters to attenuate the radia- 
tion of harmonics and to store energy for the rectification process. 

The construction of such a rectenna element and its insertion into a 
pc bus collection system is shown in Figure 1-9. This rectenna element was used, 
in the last chase of the MSFC sponsored work at Raytheon to construct a rectenna 
1.21 meters in diameter which was illuminated by a gaussian beam horn (Figure 
1-10). The combined collection and rectification efficiency of this rectenna was 
measured at 80%. 


A lower cost and slightly more efficient form of this rectenna element 
was developed for the RXCV work sponsored by NASA at JPL. This element is 
shown in Figures 1-11 and 1.-12, together with a greatly simplified equivalent 
electrical circuit of the device. The same electrical circuit applies to the MSFC 
rectenna element of Figures 1-9 and 1^10. 


Figure 1-8. Experimental set-up comprised of dual-m*odt' horn and improvc*d 
rectenna. The efficiency ratio of the de power fron^. thv roclenna to the 
microwave power at thc' input to the dual-n'iocU* horn was nu'asuri'd and lound 
to be 60. Z'fo. 














Figure 1-9. Sketch of the Marshall Space Flight Center rectenna which was 
ronstructed in spring of 1974. Cutaway section of rectenna element shows 
^ two section iaVu "low pass lilter. the diode, and a combination tun.ng ele 
merit and by-pass capacitor. 
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FimirP 1-10 Photograph of the MSFC rectenna constructed in lV74 under 
fe's". Horn it lei. ot picture 

°ra1rc?‘:rti:r;ran5V.^:iVa:e^^^ „„ .H,. t,.,t pan 

at the right. 





Figure 1-11. Simplified Electrical 
Schematic for the rectenna element 
used in the RXCV receiving array 
at the Venus site of the JPL Gold- 
stone facility. 
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Figure 1-12. Photograph of rectenna element designed for JPL RXCV 
demonstration at Goldstone. This element represents the departure point 
for the technology development being reported upon. 







The last measurements of overall system efficiency and overall 
rectenna efficiency were made in h^arch of 1975 at Raytheon Company with the 
experimental setup shown in Figure 1- isl*^ The rectenna elements used in the rec- 
tenna array were those developed for the JPLi RXCV demonstration at Goldstone 
but optimized for performance at 2.45 GHz. In order to establish a greater 
degree of credibility to the values of efficiency that might be obtained from the 
setup the Quality Assurance department of the Jrt Propulsion Laboratory super- 
vised the taking of the data. The overall DC to DC efficiency was measured at 
54 ^ 13*Towith a probable error of ± 0.94%. The overall collection efficiency of the 
rectenna was more difficult to ascertain because of the inaccuracy in determining 
the fraction of the generated microwave power which is intercepted by the rec- 
tenna. The most probable efficiency, however, . was 82%. A schematic of the 
test set up and the breakdown of efficiencies and inefficiencies is given in 
Figure 1-14. 

The last major rectenna effort to be reported upon is the 

relatively large scale reception-conversion subsystem (RXCV) for a microwave 
power transmission system located at the Venus site of the JPL Goldstone faci ity 
in the Mojave desert. This effort was not undertaken as a technology development 
as such but nevertheless gave useful output in terms of (1) confirmation of the 
reliability and efficiency of advanced diode design, (2) evaluation of rectenna sub- 
array performance with incident uniform power density, (3) protective measures 
to be taken to guard against rectenna failure with accidental load removal or with 
unusual wave— forms of the envelope of the transmitted microwave power, (4) 
protection of the rectenna elements from the atmospheric environment. The rec- 
tenna shown in Figure 1-15 consisted of seventeen subarrays each 1.22 meters 
square and containing 270 rectenna elements. The rectenna element shown in 
Figures 1-11 and 1-12 that was designed for this application constitutes the point 
of departure for the technology development program being reported upon. 

The collection and conversion efficiency of this array was measured 
to be 82% at a total DC output of 3 0 kilowatts. 

1.3 Progress in Rectenna Efficiency Using Progress in Rectenna Elei lent 

Efficiency as an Index. 

The rectenna efficiency is given by the product of the microwave power 
collection efficiency and the rectification or conversion efficiency. The maximum 
theoretical collection efficiency is 100% and it has been measured at over 99% 
efficiency by means of VSWR measurements of a probe in front of the array. The 
validity of measuring collection efficiency by this-.means rests upon a small 
amount of power being reflected from the rectenna and upon a gaussian distribu- 
tion of energy in the incoming wave and in the reflected wave. These conditions 
are closely approximated b/ the set up shown in Figure 1-13 where the gaussian 
illumination is laid down by means of a dual-mode horn. 

If it is assumed then that the collection efficiency can be made close 
to 100%, it follows then that the efficiency of the conversion of the collected power 
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Figure I- 13. Photograph of the microwave power transmission system at th- 
Raytheoi Co. in which a certified overall DC to DC efficiency of 54% was ob- 
tained in March 1975. Magnetron at left of picture converts dc power into 
microwave power which is fed into the throat of the dual-mode horn. The horn 
illuminates the rectenna panel with a gauss ian distribution of power. Rectified 
dc power is collected from the rectenna in circular ring r.aths and is dir.sipated 
in re.:icl've loads on the test panel at the right. 
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Figure 1-14. Distribution of system and subsystem efficiencies (measured 
and estimated) in the experiment to obtain a certified measurement of DC to 
DC efficiency in March 1975 at the Raytheon Company. 
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of cw power whirVi ,1{= • ** 1 ^ converted into over 30 kW 

P r which was dissipated in lamp and resistive load Of m« '>.r. 

Thrrecrenna3s1stfdTl7^suJaf^^^^^^^ ^ 

atelv for effiolenotf ^ 4. ^ ’ oach of which was instrumented scpa 

?70^ i. and power output measurements. Each rectcnna housed^ 


into DC power is really the measure of the overall rectenna element efficiency 
where the rectenna element is defined as shown in Figure Irll. 


The progress that has been made in rectenna element efficiency as 
determined by test equipment to be described in Section 2. 0 of this report is 
shown in Figure 1-16. According to Figure 1-16 the efficiency has now exceeded 
90%. The validity of this figure is the subject of discussion in Section 2. 0 of this 
report. The progress in efficiency is closely associated with the use of improved 
diodes but the choice of circuitry is also important. 


1 . 4 The Energy Problem and the Solar Power Satellite Concept as Factors 
in Determining the Extent and Direction of Rectenna Development 

The early stages of rectenna development were carried out in 
response to the need for high altitude atmospheric platforms that could stay aloft 
indefinitely propelled by the power beamed to them by microwaves, and for the 
transmission of power from one vehicle to another in space where wire trans- 
mission would be impractical. There was no generally recognized energy 
problem at that time and certainly no general recognition that our budding space 
capability could be associated with fulfilling an energy need should one exist. 


Now, of course, the energy problem is well recognized, as it is also 
recognized that the use of electrical power is growing at a faster rate than our 
requirements for energy as a whole and that there is a strong indication that the 
electrical growth rate will be further increased as energy consumers turn to elec 
trical power as a substitute for natural gas and oil. Unfortunately, the present 
methods of generating electrical power pollute the environment and consume 
natural resources at a prodigious rate. Under these circumstances it is only 
natural that we turn to the sun and investigate it as an answer to our electrical 
energy requirements. However, two serious problems confront us when we seek 
to use if for this purpose. The first problem is its diffuse nature which makes it 
difficult to capture in large amounts without enormously large and expensive 
physical structures. The second problem is its low duty cycle and only partial 
dependability. We can be certain of its unavailability at night, but never certain 
of its availability in the daytime with an intensity sufficient for electrical energy 
producing purposes. 


Out in space in geosynchronous orbit, however, the sun is available 
over 99% of the time and its infrequent and short term eclipses by the earth can 
be precisely predicted and planned for. That desirable condition would be of no 
practical importance if it were not possible to place large energy collecting 
arrays into synchronous orbit and in some manner get that energy back to earth 
where it is needed. Dr. Glaser was the first to point out that we could 

combine three technologies, all developed within the past 20 years, to accomplish 
this task. These three technologies are (1) the new capability to transport mater- 
ial into space, (2) the solar photovoltaic cell which directly converts solar flux into 
DC electrical power, and (3) free space power transmission by means of a micro- 
wave beam. As a result of this proposal and initial feasibility study performed by 
a team made up of personnel from Arthur D. Little, Inc., Raytheon Company, 
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Figure 1-16. Progress in rectenna element efficiency as a function 
of time. 



Grumman Aerospace Corporation, and Textron Inc., the concept was accepted 
for study by NASA. Subsequent studies supported by NASA ' » * 

have not only confirmed its technical feasibility but have established the possibi- 
lity of it being economically competitive in the future with conventional and other 
advanced approaches to electrical energy production. 

One of these studies was devoted to the microwave power transmis- 
sion system associated with the solar power satellite. (26) The study confirmed 
the previous finding that to be most economical the power rating of the systems 
would be large. The typical rectenna would receive over five gigawatts of micro- 
wave power, and have an area of TO square kilometers. The maximum power per 
rectenna element would be 1. 5 watts while the minimum would be 0. 15 watts, al- 
though there is a good reason to believe that in the eventual system these power 
levels may be increased by a factor of two. The rectenna would have to be fully 
environmentally protected and have to meet cost goals by a low material cost per 
unit area and by a low-cost material handling operation which would convert basic 
materials into completed rectenna subarrays at high speed. 

1 . 5 Objectives of the Technology Development Reported Upon in this 

Report 

The previous sections have been included to serve as a background 
for understanding the appropriateness of the objectives of the technology develop- 
ment to be reported upon, and for understanding the approaches to achieving 
those objectives. 

The broad objective of the effort covered in the subsequent sections 
of this report is to improve those features of the rectenna which are important to 
its function in a full scale solar power satellite system. One feature of particu- 
lar importance is the efficiency associated with the rating of the individual cle- 
ment in the system. Surprisingly the problem is not one of power handling capa- 
bility since the element has more than enough power handling capability. The 
problem lies rather in the reduced efficiency that is obtained at the lower power 
levels which arc more representative of the manner in which the rectenna is used 
in the solar pow'er satellite. Hence, one objective was to do those things tc both 
circuit and diode which would improve efficiencies at lower power levels. 

Another objective was to develop better instrumentation and proce- 
dures to provide better resolution in measurements and to provide a higher con- 
fidence level in the efficiency measurements being made. Finally, but of great 
importance, was the first iteration of an electrical and mochan.cal design aimed 
at the high speed, low-cost fabrication of a fully environmentally protected rec- 
tenna. The achievement of this latter objective is crucial to the credibility of the 
economic aspect of the satellite power system. 
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^ Techniqu es for Measuring the Efficiency and Losses of Rectenna 
Elements 


2. 2. 1 Measurement Equipment 

Raytheon Company, in part supported by contracts from Marshall 
b pace Flight Center and Jet Propulsion Laboratory, has established a number of 
experimental techniques which were used to advantage in this technology develop- 
ment contract. " One of these techniques is the measurement of individual rec- 
tenna element performance in an expanded waveguide fixture which tends to simu- 
late Its behavior and performance within the cell area that it occupies in the 
rectenna. This is a closed system from which there is no microwave leakage. 

The microwave input to the fixture can be calibrated to within 0. 5% of the power 
standard maintained at Raytheon and periodically checked at the National Bureau 
of Standards at Boulder, Colorado. A photograph of this set up is reproduced in 
RiS^^® 2—1. The equipment is used to make accurate impedance measurements 
with the addition of a movable-probe VSWR indicator. 

Another piece of equipment which was effectively used in the 
measurements program to improve rectenna element design is the unbalanced 
version of the rectenna element and its associated coax-line test equipment. This 
piece of equipment is shown in Figures 2-2 and 2-3. The technique is to use a 
ground plane to simulate one side of a balanced transmission line. This allows a 
coax line to be connected to the rectenna element so that measurements can be 
made over a very broad band of frequencies without the introduction of waveguide 
modes which would occur in the set up of Figure 2-1. This feature can be used to 
great advantage in the measurement of harmonic power at the input terminals of 
filter. Figure 2-2 shows a directional coupler placed before the 
VbWR probe for this purpose. Another useful aspect of the unbalanced set-ap is 
that probes to the microwave current and voltage waveforms in the rectenna 
circuit of the rectenna element can be set into the ground plane. 


ground plane test fixture can also be modified as shown in 
Figures 2-4 and 2-S to accommodate the two thermistors of a thermistor bridge 
to measure the losses in the diode. This experimental technique is based upon 
the fact that the heat sink of the diode cannot detect the difference between heat 
\vhich is generated by microwaves and heat which is generated by DC power. ITic 
thermistor bridge can therefore be accurately calibrated with DC power dissipated 
in the diode. The thermistor bridge technique for measuring diode dissipation 
was developed under this contract. 


. . A very important test equipment is the complete microwave power 

transmission system shown in Figure 1-13 in which DC to DC efficiency has been 
certified . The major use of this equipment was to permit substitution of the 
two plane rectenna constrviction developed under this contract into the rectenna 
to determine its behavior in a full rectenna environnu-nt. 

2. 2. 2 Calibration of Microwave Power Irput 

In a rectenna element development program it is essential that the 
value of microwave power input to the r<«ctenna element under test be accurately 
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Figure 2-5. 


View of the Back Side of the Ground- Plane Test Fixture 
Showing the Mounting of the Two Thermistors Wh^h are 
Used in a Bridge to Measure the Diode Losses. The 
Thermistors Measure the Temperature Drop Across the 
Heat Flow Path from the Diode Heat Sink to the large 
Heat Sink of the Heavy Brass Plate. 



established. The efficiency of the rectenna element as given by the ratio of DC 
power output to microw'ave power input depends upon it. Moreover in this devel- 
opment dealing with refinements in efficiency, an efficiency improvement of 1 lu 
is important. It is therefore necessary that the measurement sensistivity be 
considerably less than 1%, and it is desirable that repeatability in the measure- 
ment of efficiency be within a small fraction of 1%. 

The microwave power standard that is used at Raytheon was 
calibrated at 2450 MHz at the National Bureau of Standards in Boulder, Colorado 
in the summer of 1975. The probable error in this calibration was ±0.34% 

It is estimated that another probable error of 0.5% is involved in 
the calibration of the test set-ups at the two to ten v'att level where the use of a 
calibrated attenuator is necessary, and about 0.3% at the 100 milliwatt level. 

The 100 milliwatt level is the same level as the calibrated standard so it is not 
necessary to use calibrated attenuators at this power level. Calibrations were 
made for both the expanded waveguide test fixture and for the fixture with the RF 
Ground plane. 


The block diagram for the calibration of the incident microwave 
power upon the rectenna element test fixture with the use of the Raytheon micro- 
wave power standard calibrated by the Bureau of Standards is shown in Figure 
2-6. The power standard is placed at the point where the test fixture attaches 
and the 43 2A power meter or other suitable power meter is calibrated against 
this standard. This arrangement eliminates the errors in the calibration of the 
directional coupler and in the power meter itself. A digital readout is used on 
the power meter to eliminate operator error in reading the power meter. 

Calibrations at the 90 milliwatt level and at the 4 watt level were 
made for each of the two test fixtures. The microwave power standard itself is 
calibrated at the 90 milliwatt level. It is therefore necessary to insert calibra- 
ted incident power at the 4 watt level. The block diagram shows this attenuation 
to be 15. 95 dB. 


Precaution is taken to eliminate errors in the calibration of inci- 
dent microwave power, and errors in subsequent efficiency measurements on 
rectenna elements, caused by reflections of power at various interfaces in the 
system. The reading of power in the forward direction is affected by any reflec- 
tion of reverse directed power from an impedance mismatch at the source. By 
means of the three port circulator and the coax matching section, this revi-rse 
directed power can be absorbed so well that the resulting forward directed power 
can be held to less than one percent of the reverse directed power. The result of 
this adiustment is that a change from a match condition to a full short at the input 


'I- The uncertainty of the accuracy of the microwave power standard will be a 
major factor in obtaining an accurate efficiency measurement on the rectenna 
element. For this reason, the present calibration of the Raytheon standard 
has been discussed with Mr. Paul Hudson, Program Chief, RF Power, Cur- 
rent and Voltage Section of the National Bureau of Standards, Boulder, Colo- 
rado. His statement to me was that if a perfectly matched termination is 
used on the standard, a 2-sigma confidence level corresponds to a ; 1 u t-rror. 
It follows that the probable error is t 0.34%. 
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to the rectenna element test fixture will cause the measurement of incident 
power to vary by only 1%. Since the measurement of rectenna element efficiency 
takes place under reasonably well matched conditions, we can be well assured 
that the measurement of incident power is affected to less than 0. 1% by reflected 
power during any efficiency measurement of rectenna elements. 

Likewise, any errors in the measurement of reflected power from 
the expanded waveguide test fixture that might be caused by a mismatch in the 
coax to waveguide transmission unit is eliminated by terminating the WR 430 
waveguide at the normal point of attachment of the expanded waveguide test fix- 
ture with a precision-matched waveguide termination load and then adjusting the 
waveguide matching section near the coax to waveguide transition so that a mini- 
mum of reverse power is indicated by the directional coupler. 

In the use of the microwave power standard for calibration pur- 
poses, any reflected power from the standard and from the waveguide-to-coax 
transition is matched out to a reflection of less than 0. 02% as measured by the 
slotted waveguide VSWR detector by adjustment of the matching section located 
on the outboard side of the slotted waveguide detector. 

Finally, in order to eliminate any measurement error caused by 
2nd and 3rd harmonic output from the 10 watt TWT Amplifier, a low pass filter 
was inserted between the TWT and the input to the measurement system. 

2.2.3 Measurement of Diode Losses 

The basis for being able to make e.ccurate measurements of micro- 
wave losses in the diode is that the heat flow geometry for getting rid of the heat 
from dissipation losses in the semiconductor chip in the diode package is the 
same whether the heat comes from insertion of DC power or from microwave 
po\ver. (It is assumed that all of the microwave losses and all of the DC losses 
taking place within the diode envelope originate in the semiconductor chip. ) If 
it is then possible to build a sensitive sensor to indicate the heat flow from the 
diode, one can calibrate this sensor by the injection, of accurately measured DC 
power into the diode. The sensing arrangement-. for doing this is shown in 
Figures 2-4 and 2-5. 

The bridge consisting of two thermistors was used primarily 
because of the great sensitivity of the thermistors to a change in temperature. 

One thermistor was placed adjacent to the heat sink of the diode while the other 
thermistor was placed in the larger system heat sink across an impedance to the 
heat flow. 


A number of factors are of interest in this arrangement. One of 
these, of course, is the sensitivity of the system or how small an increment of 
heat dissipation it will resolve. Another is the system noise. The response of 
the system to a change in the heat input to the diode is of interest. Still another 
is the linearity of the system and its sensitivity to a change in the ambient tem- 
perature of the heat sink. 


of 


interest it should be realized'that^Ae'obi "T’ to these areas ot 

point . usetulness in our nreat\'et " ^ti^trtursrofp^^^^^ 

measurements that were''maXYr'the*ca?h®*?'*''* indicated by the 

therm-tor bridge as a function of DC "e“r drs^d^rtTe%iLT"“' ° 

milliwatt. On tleVt^rhanfL^elrs 5'’ '«« -““volts per 

the thermistor bridge shows that a ^ruion '>■» «to on 

occur within a time period ot a mrnufe X- r millivolts can 

tange ot two milll^“te Lari '“v resolution 

over a time period of several minutes caThlT variations that occur 

thermistor bridge. eliminated by rebalancing the 

measuring system to a step functfon^^of aonl^^H response time of the 
constant is nine seconds, so that th- t, removed power. The time 

minute. About one minute wat alWed for''t:t'‘" * 

of accuracy was wanted. ^ taking a point of data if a high degree 

upon »?^easuremenflc\'^racy\‘nnhS system heat sink has an impact 

experimental data at the same ambient temopr t consideration by taking the 
bridge IS calibrated. The massif the thermistor 

storage is about 160 calories or about 670 wltt ^® and its heat 

ther means of dissipating the heat than Hence, if there were no 

plate, aoout 20 minutes would be reauirf:^H f mass of the brass 

tore by one degree Centigrade. Pl^te to increase its tempera- 



2 . 2.4 


wH^i £”f"‘ pvpsram has been the develoZent of ‘PPh"°‘°8y 

w..,ch will provide high confidence in the °t measurement techniques 

efficiency and which will also provide an tectenna element’ s overall 

losses In the system. This objective has he “>•= major 

wave power input as accurately as pLstble and^''^ -'^’“^‘08 the micro- 
DC power output, the diode loss'is, and tte cir”u5Yo”s®sfs‘.' 

The DC power output measu^emeiu^^^ ’“i”® vror associated with them, 

the measurement of voltage across a know ^ atively small error associated with 
these measurements is estimated to be ±0 g5% if'fh "k vror of 

Dv. ±U. 20% of the absorbed microwave power. 
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OUTPUT READING OF THERMISTOR BRIDGE IN MILLIVOLTS 


POWER REMOVED AT 10 SECONDS 


LEGEND 


DATA TAKEN EVERY 10 
SECONDS 

87.2 e BASED ON STOP 

WATCH OBSERVATION OF 
9 SECONDS TO REACH VALUE 
OF 87.2/2.72 


50 70 80 

SECONDS 


100 110 120 130 140 

966380 


Figure 2-9, Transient Response of Thermistor Bridge 
to step function of DC Power Input. 





The diode losses are accurately measured by the technique 
described in Section 2. 2 . 3 . The measurements themselves are accurate to 
within 2% at diode loss levels corresponding to incident power levels of two watts 
or more. Since the diode losses at these power levels are typically less than 
10% of the absorbed microwave power, the measurement uncertainty with respect 
to the absorbed microwave power corresponds to a probable error of 0. 2%. This 
of course, is considerably better than the measurement of the microwave power 
input and no further refinement is necessary. 

The measurement of the circuit losses (other than those in the 
diode itself) represent the remainder of the energy output of the system. Getting 
an estimate of these losses can be approached in two ways. One of these is by 
computer simulation to be discussed in Section 2.3. In the mathematical model 
the skin resistances in the circuit are modeled and given a value. An accurate 
computation of power losses is then provided by the computer simulation of the 
overall functioning of the rectenna element. Typically, all of the circuit losses 
amount to 2. 15%, of which 1. 9% represents circuit losses in the microwave input 
filter, and 0. 25% is the remainder. However, the validity of the results from 
computer simulation depend upon the assumptions made with respect to skin 
resistance. 


Another approach to establishing these losses is to make an 
insertion loss measurement upon the input filter which the computer simulation 
(as well as simpler analysis) indicates is the major portion of the circuit losses. 
These losses were measured to be 2 . 37 % ± 0.3% at the fundamental frequency, 
and seen to be 0.47% higher than those obtained by computer simulation. They 
are believed to be more valid because no assumptions of the skin resistance were 
needed. We have decided to use the measured value of 2.37% for the input filter 
losses and to add to this the 0. 25% for the rest of the circuit losses as deter- 
mined by computer simulation. Thus, the circuit losses are established as 
2.62% and the probable error associated with this is 0.4%. 


below : 


The probable error of the individual measurements is listed 


P.E. of microwave pov/er input measurement 
P.E. of diode dissipation losses 
P.E. of circuit losses 

P.E. of D.C. power output measurement 


±0.6% of absorbed micro- 
wave power 

±0.2 of absorbed micro- 
wave power 

±0.4% of absorbed micro- 
wave power 

±0.2% of absorbed micro- 
wave power 


From the listing, the composite probable error of balancing 
microwave power input against the sum of dc power output, diode losses, and 
circuit losses may be computed. It is found to be ±0. 75%. 


In Table 2-1, the DC power output, diode losses, and circuit 
losses are given in terms of their ratio to the absorbed microwave power in the 
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TABLE 2.1 

Power Output, Diode Losses and Circuit Los»«*s 
% of Absorbed Microwave Power 


A 

B 

C 

D 

E F 

G 

H 

Incident 

DC Load 

Absorbed 

Reflected 

DC Output Diode Losses 

Measured and 

Total 

Mic rowave 

Resistance 

Power in 

Pow'er 

as To of as 'v of 

Computed 

Measured 

Power 

Level 

(ohms) 

Element 

Watts) 

(Watts) 

C C 

Circuit Losses 
To of C 

Losses and 
DC Power 


0. 100 


80 

0. 08? 


0.01? 

56. ?0 

36. 0 

2.62 

^5. 12 

4. 



80 

0. 180 


0. 020 

66. 70 

28. 26 

2.62 

97.58 

2. 

0.400 


80 

0.37? 


0.02? 

74. 30 

21.86 

2.62 

9b. 78 

1. 

0.600 


80 

0. ?73 


0.027 

77. 80 

18. 84 

2.62 

^9. 26 

0. 

0.800 


80 

0. 772 


0.028 

80. 00 

17.34 

2.62 

99.96 

0. 

1.000 


80 

0. «oi 


0. 009 

82.30 

14. 30 

2.62 

99. 22 

0. 

2.000 


80 

1. ^97 


0.003 

86. 12 

11.33 

2.62 

100. 07 

-0. 

3.000 


80 

3. 000 


0. 000 

87.60 

10. 17 

2.62 

100.39 

-0. 

4. 000 


80 

3. 


0.002 

88.4? 

24 

2.62 

100,31 

-0. 

o 

o 


80 

4. 


0. 008 

89. 06 

8. 77 

2.62 

100.4? 

-0. 

6. 00 


80 

?. ^84 


0.016 

89. 50 

8. 39 

2.62 

100. 51 

-0. 

7.00 


80 

6. «72 


0.028 

89.9? 

8. 11 

2.62 

100.68 

-0. 

8.0 


80 

7.Q-7 


0. 043 

90. 26 

7. «3 

2.62 

100. 81 

-0. 

8.0 


90 



0. 062 

QO, 59 

7. 51 

2.62 

100. 72 

-0. 

8. 0 


100 

7. S?0 


0. l?0 

90. 54 

7. 40 

2.62 

100.56 

•0, 


Test made use 
40S93 - CPXIG 

of grounded- 
No. 13, «i { i 

• plane test fixture and diodt 
aAs-Pt standard reference 

• No. 
diode. 




K-* 

This 

value is a 

composite of follow ing measured and c 

“omputed inputs. 






Measured loss at iundamenlal frequency in microwave input filter 

is 2.3 7% 

1 0. 3% 




Con^putcr simulation 

of loss including harmonic 

s in input filter is 

1 . 83 r«. 





Computer simulation 

of oth 

er circuit 

losses is 0, 






Computer simulation 

of all 

circuit losses is typically 2. 




The decision was to add the tn»‘«isured i 

input filter 

loss at 2. 

3 7 ”o to the 0, 25% ’ 

'f»ther cirt 

uit losses" computed by 

computer and adtl an uncertainty 

factor 

to give 2, 

62 s 0.4%. 









rectenna element over a wide range of power levels. The efficiency of the rec- 
tenna element as measured by the ratio of DC power output to microwave power 
absorbed is seen to vary from a low of 56% at 100 milliwatts of incident power to 
90.5% for a power input of 8 watts. The diode losses are observed to vary from 
36% to 7.4% of the absorbed microwave power. The circuit losses are assumed 
to remain constant at 2.62%. When the DC power output is added to the sum of 
the diode losses and circuit losses the total sum as represented as a percentage 
of the absorbed microwave power is seen to be very close to 100% and within the 
probable error of 0. 75% previously established, over an appreciable portion of 
the range of input power levels examined. 

All of the data given in Table 2-1 was obtained with the us& of 
the ground-plane test fixture shown in Figure 2-2, since the diode loss measure- 
ments can only be made with the aid of this test fixture. The measurements were 
also made with the use of diode 40593-CPXlG #13 which was one of the standard 
reference diodes obtained from the RXCV program. The Schottky barrier was 
platinum on Gallium Arsenide. A metallic shield was placed over the rectenna 
element to improve the efficiency. 

Most of the information given in Table 2-1 is given in graph 
form in Figure 2-10. 

Of especial interest is the manner in which the diode losses 
are shown to vary in Figure 2-10. The diode losses follow very accurately a 
curve described by the equation; 

A 

Diode Loss % = -r=p= + B as a function of input power 

in level. (1) 

where for the curve of diode losses in Figure 2-10 

A = 10.04 
B = 4.212 

The first term in the expression also closely approximates the 
following relationship 


0.90 Vo lt (2) 

0.90 Volt + DC voltage across load resistor 

in which 0.9 volt represents a fixed voltage drop in the forward direction inde- 
pendent of current level and is analogous to the brush drop in a DC generator or 
motor. Therefore, it is seen that the diode loss in the partictiJar diode obsi- rved 
has a constant term B which amounts to 4. 22% of the absorbed microwave power 
and a variable term A which reflects the relationship of a fixed voltaye drop 

VTT 

in 

across the Schottky barrier to the total dc voltage developed. For good efliciency 
it is obvious that this voltage drop should be as low as possible, and this is the 
prime reason for shifting to a GaAs-W barrier in the Schottky diode. 


% OF MICROWAVE POv;ER ABSORBED BY RECTENNA ELEMENT 


SUM OF DC P OWER OUTPUT AND MEASURED LOSSES 
MiaOWAVE POWER ABSORBED INTO RECTENNA ELEMENT 


X )00% 


80 %^ 


DC OUTPUT POWER 

MICROV.'AVE POWER ABSORBED TnTO RECTENNA ELEMENT 


X 100% 





50 %^ — - 4 - 


® experimentally MEASURED 

MICROWAVE POWER ABSORBED INCIDENT PWR. - REFLECTED POWER 

reflected POWER LESS THAN 0.5% OF INCIDENT 
IN 1-8 WATT INCIDENT PWR. RANGE 
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/ DIOD E L OSSES: 

' MICROWAVE POWER ABSORBED INTO RECTENNA ELEMENT 



X 100% 


.FILTER CIRCUIT LOSSES - MEASURED SEPARATELY - 2.37% AT 2450 MHz 


Figure 2- 10. 


INCIDENT MICROWAVE POWER - WATTS 

•tatin 

The DC power output, losses in the microwave diode, 
and losses in the input filter circuit are shown as a per- 
centage of the microwave power absorbed by the rectenna 
element as a function of incident microwave p<Avcr level. 
The sum of all of those is then compared with the absorbed 
microwave power* 



In conclusion it is observed that the. balancing procedure just 
described and used in one example greatly improves confidence in the accuracies 
of all the measurements. The establishment of probable errors for each of the 
individual measurements eliminates the possibility of two or more gross meas- 
urement errors offseting each other to provide false confidence. Even greater 
confidence r-^sults from including further results of computer simulation to be 
described In Section 2.3. 

In the quest for higher efficiency, it is noted that the diode it- 
self is the greatest source of loss particularly at the lower power levels. The 
circuit loss at approximately 3% is relatively small and tends to be independent 
of power level. However, at the lower power levels, it may be found that a 
circuit which greatly reduces the diode losses may significantly increase the 
circuit loss. 

2. 3 The Development of a Mathematical Model of the Rcctenna Element 
Together with Computer Simulation Program and its Use 

2.3.1 Introduction 


A major feature that characterizes the present standard design of 
the rectenna elemen t that has been used in the establishment of 54% DC to DC 
microwave power transmission efficiency and in the successful JPL demonstra- 
tion of power transmission over a distance of 1. 6 km is the use of a single 
diode shunted across a transmission line and used as a half-wave rectifier. This 
approach was adopted in 197Z and represented a distinct departure from the full 
wave bridge rectifier design that had been used up to that time with a high degree 
of success. A principle reason for the departure was a simultaneous recogni- 
tion of the need for a better understanding of the functioning of the rectenna 
element and the difficulty of analyzing the device because of the complexity intro- 
duced by its high non-linearity and harmonic contect for the waive forms. Ob- 
viously, if an analysis were to be attempted, the initial effort would be made 
easier by the simpler math model afforded by the half-wave rectifier approach. 

A substantial start on such a mathematical model and computer simulation pro- 
gram was made by E. E. Eves of Raytheon at that time but the contractual sup- 
port was not sufficient to finish the work. 

Meanwhile, many advantages afforded by the rectenna element 
with a half-wave rectifier had become evident. Acceptable efficiencies were 
being measured, and it was recognized that for the "power from space" applica- 
tion a single GaAs diode would adequately handle the power requirement placed 
upon a single rectenna element. 

With the realization of an apparently efficic.it and practical rectenna 
element the role of a computer simulation program has shifted to an exploratory 
tool for further optimization of the efficiency and to help expose any phenomena 
that might be a source of trouble at some time in the future but "which had thus 
far not been detected expefirr entaliy. It is of interest that one such phenomena 
seemed to have been uncovered. This will be discussed later in this section. In 
this connection, it has been generally noted that many subtle problems arc en- 
countered in the production of items that were never encountered in their flevelop- 
ment, simply because the production situation presents a better chance 
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tor an unusual mU or an unusual alignment of factors nccssary for the occur- 
rcnce of the phenomena. 

From the viewpoint of optimiaing efficiency, the computer 
simulation program will become very valuable ^ whUe^th; 

oireV^^SrTre'’— 

thrcha^ce aUgnmern'o^f parametHc factors becomes more 
reflnerJJents deal with small improvement in efficiency. 

?n\lT;o^rlm w^cTe'Vh^^" '^“a^irJfaarncy'jitWn very tight tol- 
erences !nd above ail to avoid highly destructive mechanisms. 

Ii 1975 Dr. Joseph Nahas reported upon Math modeling 

and computer simulation that ^ irm^nVresrec’’tr th‘e 

ment modeled aftc r the standard In 1975 and con- 

contract t°>- 

fnd‘obtLd^rcVp;^ori5^^^^^ 

g]^^ 0 ^ 3 tdle aid to tliem# 

Although Nahas' s basic approach to the problem was v^ep 
ctimilar to that which had been taken by Eves in the earlier time perio , 
nr Nshls’ s program was not used directly or modified for two reasons, it md 

":'gt"t^:i.it";hrc^xrt?^^ 

Ae1etu=''ortre ?om;ufe ,n"l"lM^ 

^rdiodc' dissipation a^d Ae utter could be obtained only with the use of ^ 
ground-plane fixture which omits a consideration of <?^nsiderable 

”'"'?ificaHr"'’'i^"e stuLtfe's'erTmo^^leroM for 'thf fundamental frequency 
an^thVLmber of. filter sections to be modeled was *' 

eftrt rs mide ?rsimuuteth^ P'’-*'=.‘^"“‘'^“"\;^nt°:lr Fun^^ 

^xr < 5 i-ftrtine with the most basic characteristic of the junction itself, 

precaution! were taken in setting up the program to eliminate '°"'Pf ^ 

M points of sharp discontinuity. Predictor-corrector routines were inco, porat, d_ 

as they were in the Nahas program. 

Both the Nahas and the Eves-Knight computer simulation pro- 
grams depend upon watching the buildup of the current and voltage waveforms 
from a transient to a steady state condition in the rectenna element after the step 
application of micm.vave power input. The convergence to a steady state con- 
dition tor the Eves-Knight program requires about 20 cycles. The number o 
steps within a cycle is 8192 and a printout is made of designated pararncters 128 
times at equal intervals in the last cycle. The computer time 

the results from one set of input parameters is 3 minutes on a CDC6700 comp at r. 
The cost is about $20.00 per set of data. 
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The Eve’ s-KnLght computer simulation progra.m records the 
losses within the rectenna element, divided up into approximately twenty loca- 
tions. It computes harmonic coefficients up to the fifth harmonic in a Fourier 
analysis of five different wave forms. It prints out several key currents and 
voltages as a function of time. 

The complete description of the Eves-Knight math-modeling 
and computer simulation program and one example of its use and print out of 
data is shown in Appendix A. In the remainder of this section a brief introduction 
to the modeling and some typical results of the computer simulation will be 
presented. The results of the computer simulation will then be compared with 
the experimental data obtained from the ground plane test set up. 

2.3. 2 Mathematical Model of the Rectenna Element 


The electrical schematic model of the rectenna element in its 
simplest form is shown in Figure 1-11. The element is seen to consist of half- 
wave dipole antenna, a two section low-pass filter, and a rectification circuit 
consisting of a Schottky-bar rier diode in shunt across the circuit, an inductive 
section of line to resonate with the diode capacitance, and a capacitance to store 
energy and to remove harmonic content in the DC output power. The dipole 
antenna is matched to space, and the characteristic impedance of the filter is 
matched to the terminal impedance of the dipole. The input low pass filter, in 
addition to attenuating harmonic power, also acts as a buffer between the sinu- 
soidally periodic input and the abrupt switching action of the diode. 

This simplistic model is not at all adequate for a computer 
simulation program. The behavior of the diode needs to be modeled in great 
detail. The sections of transmission line which are a portion of the low pass 
filter need to be broken down into short sections so that the lumped-network 
equivalent of these sections will suitably handle the higher harmonic currents 
which will flow in the filter sections. The computer simulation program is 
completely in the time-domain. The manner in which this is done, the numbi‘r 
of divisions made, and the assignment of values ..f R, L and C to these divisions 
is clearly explained in Appendix A. 

2.3.3 A Representative Set of Data Resulting from the Use of the 

Computer Simulation Prog rath 

Figure 2-11 represents a simplified schematic of the circuit 
elements of the mathematical model for the computer simulation program pre- 
sented in Appendix A. The chief purpose of Figure 2“11 is to indicate the 
current and voltage parameters which arc presented as a function of time during 
the rf cycle in Figures 2-12 and 2-13 respectively. 

The particular set of data corresponds to the test arrangement 
for the RXCV circuit element and diode on the ground-plane test fixture. The dc 
power output level is 2.969 watts and the load resistance is 80 ohms - the value 
usually used for tests in the ground-plane test fixture. The complete set of data 
is given in Appendix A together with the graphs replotted in this section as 
Figures 2-12 and 2-13. 



CURRENT ■AWtf’cRES 


•0 


-J.o 


Figure 2-12. Time Behavior of It, put Current to Rectenna Element, 
Diode Current, Microwave Filter Output Current, and Input Curr-nt to 
Rectifier Tank Circuit, as Computed. 



Figure 2-l3,Time Behavior of Input Voltage to Rectenna Element, Die je 

Voltage, Diode Junction Voltage, and Voltage Across Output Capacitance 
Filter, as Computed. 




Figui’es 2-12 and 2-13 in conjunction with other readouts from 
the computer simulation program, permit a number of statements to be made 
about the behavior of the rectenna element. 

1. There are no current or voltage spikes whose presence, 
if severe, is usually associated with a life failure 
mechanism. 

2. In Figure 2-13 it will be seen by observing the diode 

junction voltage as it swings into the positj.ve voltage 

region, that the conduction period is about 105 . 

3. There is a large amount of diode current flow during the 
non- conduction period which is caused by the charging 
and discharging of the diode capacitance. This repre- 
sents a loss as the charging current must flow through 
the series resistance of the diode. It will be recalled 
that the series resistance in the forward direction 
remains constant during the forward conduction cycle but 
decreases considerably as the voltage swings away from 
the zero— bias value. The total loss in the series resis- 
tance integrated over the entire cycle as printed out is 
121. 7 milliwatts or 3. 73% of the input power. Of this, 

82 milliwatts or 2.52% is represented by losses in the 
series resistance of the diode in the forward conduction 
period; while 40 milliwatts or 1. 23% represents a loss 
through this resistance in the reverse direction. The 
loss in the Schottky junction itself is 170 milliwatts or 

5. 22% of the input power. Finally, the skin losses in 
the rectenna element amount to 68 milliwatts or 2.08%. 
The total losses as given by the computer simulation 
program are therefore 11. 03% of the power input. This 
compares well with 12. 8% obtained experimentally as 
noted in Table 2-1. It compares more closely if a 
Schottky junction voltage drop of 0. 9 volts observed 
experimentally is used in place of the 0.65 volts assumed 
theoretically. Under these circun stances the Schottky 
junction loss becomes 7. 22% and the total losses become 
13.03% - very close to the 12.8% observed experiment- 
tally. 

4. It will be noted that there is a small ani. unt of ripple on 
the output filter capacitance. The maximum voltage is 
15.8 volts and the minimum is 15. 1. When this ripple is 
broken down into the harmonics, the first harmonic is 
found to have an rms value of 0. 246 volts, representing 
a power in the load resistance of 0.75 milliwatts. The 
second harmonic is down by almost a factor of 100 from 
this value. 



2.4 ot Co n -r->-- Simulation Data with Experlme,.tal Measu re: 

ments. 


2.4. 1 


rnmnarlson nf Stoulated E fficiency and Losses with Th9 ^ 
Measured Exper Ixnentally^ 


Fiture 2-14 compares the data obtained by math modeltog and 

computer simulation with that Onl'ktod^s the theoretical , 

there are two kinds ot computer Sehottkv barrier diode and the other uses 

characteristics of an measurements. The 

the voltage drop across the diode .^essarily be at the Schottky 

difference in these theorLically characterized but may be a 

ttuag" dtop LS^wiftle back ohmic contact which may not be purely 
ohmic but is partially_a Schottky barrier. 

TVisa circuit losses as determined by the computer in Figure 
2-14 tend to check the 

^X‘ofin\:r^=^° hara^^h: 

Le ;bout 2. 57. higher than at h‘f 3OO milliwatt level by 
account tor the failure to »'>“m a P°wdr ^aWe at 
about 3%. The circuit losses had been assume 
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Figure 2-14. Comparison of Computer Simulation Computations of 
Efficiency, Diode Losses, and Circuit Losses with 
those obtained experimentally. 
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3.0 RECTENNA ELEMENT CIRCUIT MODIFICATIONS 
3. 1 Introduction 

The activities reported upon in this section are as follows: 

f rectenna element to permit 

srorrniiDu'iffrf^^'f^ 

cne principle effort in this section. 

U) The first steps in the integration of the basic RXCV rectenna 
element into a configuration consistent with the two-plane rec- 

the”r<»^f which nearly all of the basic functions of 

ctenna are carried out in the front plane to facilitate a 
much more economical form of construction. 

reducing the second and third harmonic 

tuntd^Jo rectenna element by the use of stub lines 

tuned to the harmonic frequencies. One of these stub lines is 
naturally present in the two-plane rectenna concept. 

(4) Investigation of the role of metallic shielding to improve the 
efficiency and reduce the radiation of harmonic power. 

^Z~o"'eh: construction 

°pccotion n, 

^ introduction and summary of results 


after making a activity was the conclusion reached 

Tonut ftuutcali’sps' 

RXCV at Goldstone?* A°t'ftes'l°low'' 'c" compared to those ot the 

element gave considerably lower effiSencTthan^ftit’ohl'' KXCV rectenna 

was 85% at an mJuVpprX'n’’sufi:lel%l^1^o" 
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understanding that more efficiency could be obtained at low^r power levels by 
doing three things: (1) reducing the junction capacitance of iho diode, (2) reduc- 
ing the drop across the Schottky barrier and (3) operating at a higher value of 
load resistance. Items (!) and (2) involve the design of the diode and item (2) 
represents a change in the basic metallurgy of the diode and was the basis for 
considerable effort under this contract. 

The implementation of a program to bring about these changes 
resulted m considerable improvement in efficiency at the lower microwave input 
levels. This is shown in Figure 3-1, in which the efficiency achieved from the 
new effort is compared with that obtained from a representative RXCV rectenna 
element. 

newly achieved efficiencies are associated with a large 
range (four orders of magnitude) of power input level and are obtained from 
several diode and circuit configurations since it has been found impractical to 
cover the entire power range with a single diode and circuit configuration. 

A more detailed description of the data n Figure 3-1 is provid- 
ed in Table 3-1 for cross referencing to Section 4.0 to better identify circuit 
arrangements and diodes and to indicate efficiencies better. 

of these circuit and diode configurations (No. 5 in Figure 
i-1) gives remarkably higher efficiencies at very low values of power input than 
does the standard RXCV element. On the other hand, the new efficiency of 80% 
obtained at the 50 milliwatt level is disappointing in that it did not reach either 
the contract objective or the efficiency predicted from previous studies. 

ft is believed that there are two reasons for this reduced effi- 
ciency from that anticipated. The first one is that it was necessary to add an 
impedance transforming section between the low-pass input filters and the diode 
and Its tank circuit to match the dipole antenna into the rectification circuit to 
minimize reflected power. There was undoubtedly some additional circuit loss 
in this section. A more important cause of the reduction in efficiency from that 
anticipated is the relatively high loss that occurs in a diode with a small junction 
area because of the high back contact resistance. The back contact resistance 
^n be reduced but in doing so the effective spreading resistance is increased, 
^ese losses wore not taken into consideration by our earlier analysis. It is 
believed that these losses are from 5% to 10% in absolute terms. It is believed 
that these losses can be reduc&d to 2% to 6%. 




RECTENNA ELEMENT EFFICIENCY 




»“•> various no 

W1 ^ ^ configurations as a function of powei 
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Tli 0 chief sources of loss in 3 l , low power rcctenna elenient cire 
losses caused by the voltage drop across the Schottky barrier diode, and the I'^r 
losses caused by the passage of the charging current to the diode capacitance 
through the series resistance of the diode. 

The efficiency loss caused bv the voltage drop across the 
Schottky barrier is closely given by + V.) where Vu is the Schottky bar- 

rier voltage drop and is the voltage across tne load resistor. The voltage 
drop across the Schottky barrier is fixed so that the loss caused by the barrier can 
only be reduced by increasing the DC voltage. This can be done for a given 
microwave power input level by raising the resistance of the DC load. A four- 
fold increase in impedance will reduce the Schottky barrier losses by a factor of 
two, approximately. However, raising the voltage will increase the charging 
current losses into the diode so that decreasing the capacitance and therefore the 
contact area of the diode will be of some help. 

Raising the DC load resistance to decrease the Schottky barrier 
voltage presents a new problem in that the rectenna element will not be matched 
into space. The amount of power reflected is approximately! 


% Reflection Loss = 


where Rj_, is the DC load resistance and R]_,i^ is the load resistance that gives a 
match to the incoming power. 

In the RXCV rectenna element the input impedance to the dipole 
antenna is approximately 120 ohms as is the characteristic impedance of the low 
pass filters that are matched to it. The value of Rl that provides a good match 
mto the 120 ohm impedance level is about 160 ohms. Therefore o match into a 
higher load resistance while still retaining the 120 ohm impedanc e of the low pass 
filters requires another matching section which is conveniently supplied by a 
quarter wavelength line of an impedance level which is the geometric mean of the 


1 -• T first modification a quarter wavelength line at an impe- 

dance level of 240 ohms was used. This provided a reasonable match into a load 

resistance of 640 ohms. A photograph of the arrangement just described is shown 
in r igure 3 -Z. 

^ data given rxs Items 3 and 4 for curves 3 and 4 in Figure 3- 1 

were obtained with the use of the rectenna element shown in Figure 3-2. 

At values of incident power below 100 milliwatts there was an 
appreciable amount of power reflected with the circuit shown in Figure 3-2. To 
explore the impa,ct of a higher impedance transformation upon operation the im- 
pedan^ce o. the \/4 section of lino was raised by a factor of 1.25 to raise the 
matched impedance level for the DC load resistance by a factor of I, 56. This 











change coupled with the use of a different diode made from a different wafer 
resulted in less reflected power at the 50 milliwatt level (corresponding to the 
one milliwatt per square centimeter lower limit specified in the work statementl 
It was further found that very good efficiencies could be obtained at even lower 
levels while operating into DC load resistance of 1000 ohms and that the 
reflected power remained low percentagewise. As curve 5 in Figure 3‘1 indica- 
tes, seventy percent efficiency was achieved at the 10 milliwatt input level with a 
reflection of less than one percent. The efficiency at the 1 milliwatt level was 
still 45% with a reflected power of 5%. 

One of the practical problems in the use of the X/4 impedance 
transformer is that it makes the element too long to incorporate into the two- 
plane construction preferred because of its much more economical construction. 
This led to an approach in which the second filter section of the RXCV type ele- 
ment was converted into a matching transformer of lower impedance than the 
\/4 length of line. It is not possible to obtain as high a characteristic impedance 
in this section as in the X/4 length of line because of limitations imposed by the 
fragility of the inductive section of the filter. 

However, when attention is focused upon data that has been 
taken in the 500 milliwatt to 1.5 watt region where a great deal of the SSPS rec- 
tenna action is slated to occur, it is noted that a dc load resistance of the order of 
300-500 ohms seemed appropriate when used with a diode having a C^o capaci- 
tance of 1 picofarad. Matching into this requires only the increase of the charac- 
teristic impedance of the second filter section by a factor of v2 rather than 2 and 
this is consistent with what can be accomplished in a physical structure. Conse- 
quently we constructed a rectenna element which incorporated a second stage 
filter with a characteristic impedance approximating V 2 x 120 ohms or 170 ohms 
as shown in Figure 3-3. A comparison of the performance of this rectenna ele- 
ment with that of the two filter section plus X/4 impedance transforming line and 
utilizing diode 40904 X WB3 for both sets of measurements is given in Table 3-2 
for 1 watt of power input. 


The above data indicates that the two- section filter with a 
170 ohm second stage is as efficient as the standard two section filter with an 
additional X/4 section of line. Moreover, this same diode was found earlier to 
have had an 88. 1% efficiency into a 450 ohm load, or 1.6% higher than reported 
in Figure 3-4. It is believed that the diode may have changed since another 
diode 40904 X WB4 was found to be more efficient than diode 40904 X WB3 in a 
new set of measurements whereas the reverse had been true when the diodes 
were checked several weeks previously. 

The conclusion is that the two section filter with the second 
section modified may be acceptable for operation of the 1 picofarad diodes at the 
1 watt level into a resistive load of a nominal resistance of 400 ohms; thereby 
resulting in a better efficiency than with the 140 to 180 ohm load resistance 
normally used and in a design compatible with the two-plane construction. 
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Power 

Input 


DC 

Load 

Ohms 



Rectenna Element with 
170 Ohm 2nd Stage Filter 


Rectenna Element with 
Additional \/ 4 Length of 
240 Ohm Line 


Watts 


Power 

Element 

Power 

Element *' 



Reflected 

% 

Efficiency 

% 

Reflected 

% 


1.00 

250 

3.3 

85. 89 




280 

2. 0 

86.42 




300 

1.4 

86.32 

5.9 

84. 88 


320 

1. 1 

86.44 

4. 7 - 

85. 31 


3-40 

0. 9 

86. 78 

3.7 

85.68 


360 

0.8 

86. 54 

2.8 

86. 02 


380 

0.9 

86. 70 

2. 1 

86. 22 


400 

1.0 

86. 52 

1. 5 

86.39 


420 

1.3 

86.62 

1. 05 

86.44 


440 

1.6 

86. 70 

0. 7 

86.49 


460 

2.0 

86.61 

0.4 

86. 52 


Element efficiencies are DC Output/ Absorbed Power- 


Table 3-2. Comparison of efficiencies achieved with the rectenna 
element configuration of Figure 3-3 with that achieved 
from the configuration of Figure 3-2. 





3.2.3 


Other Approaches to Efficient Operation at Lower Power Levels 


In looking at the design of circuits for more efficient operation 
at lower power levels a number of approaches were passed over. The first of 
these was the use of either a full wave rectifier circuit or a pseudo~full wave 
circuit. In view of the fact that the circuit losses have been demonstrated by 
experimental measurement and by computer simulation to be very low for the 
half-wave rectification circuit, it was felt that this approach would not be fruitful. 

Another approach was to feed mox*e than one dipole into a diode. 
This would probably favorably impact the efficiency at the very low power input 
levels. Figure 3-1 would seem to indicate an improvement in efficiency from 80 
to 82% by just doubling die input power from 50 milliwatts to 100 milliwatts, and 
an improvement from 45% to 56% by doubling the power from 1 milliwatt to 2 
milliwatts. The latter power level is, of course, a factor of 50 below the lowest 
level at which the full scale SSPS rectenna is anticipated to be operated. 

It is observed that a rectenna array rapidly takes on the direc- 
tivity characteristics of a conventional phased array v/hen an attempt is made to 
operate many dipole elements into one rectifier element. There may be instances 
where this is desirable for experimental reasons but the desirability in the full- 
scale SSPS application is questionable. Since the experimental investigation of 
this approach requires an elaborate new test arrangement it was not felt to be 
cost-effective within the present contract. 

Another approach that was not investigated was the elimination 
of die input filter sections completely and the use of a X/4 impedance transformer 
between the terminals of the dipole and the rectification circuit. Under this pro- 
posed arrangement the 2nd harmonic and 3rd harmonic would be shorted out at 
the terminals of the dipole by stub lines. This approach would seem to place a 
burden upon the critical adjustment of the stub lines to prevent excessive harmonic 
radiation, but would, nevertheless be a worthwhile investigation to determine how 
efficient such an arrang.ement would be. 

3, 3 Initial Effort in Integration of Rectenna Flement into a Two Plano 
Structure 


An initial investigation of the performance of a rectenna element 
when it was mounted in the waveguide test fixture at right angles to its normal 
position as shown in Figure 3-4 was carried out. It was found that there was no 
significant change in performance for the unshielded case as shown in Figure 3-4. 
However, there was a reduction in efficiency of about 1% when a short circuited 
quarter wavelength line was added to the structure to simulate a connection to the 
next rectenna element. 

The further integration effort is discussed in detail in Section 5.0. 


3.4 The Reduction of Second and Third Harmonic Radiation v/ith the use 
of Stub Lines 


Another area of activity involved taking steps to decrease the amount 
of second and third harmonic power radiated from the antenna. In this case the 
grounded plane fixture was used and the input impedance of the antenna was simu- 
lated by a matched 50 ohm line. This, of course, is an accurate simulation of 
the properties of the dipole antenna only at the fundamental frequency since the 
dipole antenna will apoear as a different impedance at the two harmonic frequen- 
cies. However, data on dipole antennas whose arms have a high ratio of thick- 
ness to length indicate a fairly good match (that is, not more than 75% of the 
power reflected) over a frequency range that includes the fourth harmonic. On 
this basis an attempt to reduce the harmonic content by placing epen and short 
circuited stubs of appropriate length in parallel with the input terminals of the 
dipole antenna seemed worthwhile. 

There is a natural opportunity in the two-plane rectenna construction 
to short out the second harmonic at the dipole antenna terminals because the 
section of transmission line that extends to the next rectenna element in the two 
plane construction must look like an open circuit. It therefore looks like a short 
circuit for the second harmonic. Using the ground-plane construction it was 
found that this section of line could indeed be adjusted to greatly reduce the second 
harmonic content that got into the 50 ohm line. As shown in Table 3-3, exper- 
iment No. 5 indicated a 30 dB reduction in the second harmonic level. The 
experimental setup for this is shown in Figure 2~2. The connection to the 50 ohm 
line is made through a small hole in the geometric center of the ground plane. 

Figure 2-3 also shows a short stub which acts as an open circuit at 
a quarter wavelength at the third harmonic frequency. The data indicates a 
15 dB improvement in harmonic level as shown in experiment 6 in Table 3 ~3 . It 
is interesting to note that in comparison with other data in Table 3-3 there was 
no appreciable change in effLciency caused by the reduction of the second and 
third harmonics. However, it was found in later work as reported upon in 
Section 5 that the adjustment for the reduction of the second harmonic in the 
foreplane of the two-plane rectenna structure by this means may be so critical 
as not to be practical. More investigative work needs to be done since the struc- 
tures being worked with were not identical, and in the foreplane case the physical 
length of the \/4 section is shortened by capacitance loading. 

The method by which the harmonic content at the input to the rectenna 
element was measured is indicated in Figure 2“ 2. The relative levels of the for- 
ward directed fundamental power and backward directed harmonic power can be 
measured with the use of an HFA spectrum analyzer and a directional coupler 
which is designed to operate at the frequency of the harmonic power. 

No observation of harmonics greater than the third harmonic were 
obtained although the analyzer could have seen harmonics down by a factor of 








T 



( 


the waveguide test fixture in the "up" or "down" position. The "up" and "down" 
positions corresponded to the position of the aluminum nuts which were used m 
conjunction with teflon machine screws to hold the side rails of the rectenna 
element together. The test procedure was to make an efficiency measurement 
in the position, take the element out of the test fixture and reinsert it in the 

"down" position, take another efficiency reading, and to repeat this enough tirnes 
to obtain reliable statistical data. The efficiency measurements in either position 
showed only a small amount of dispersion but the difference in the average effi- 
ciency obtained for the two positions was 0.64%. 


It was then found possible to reduce this difference to 0. 2% by sub- 
stituting teflon nuts for the aluminum nuts. There was also a net gain of . 15% in 
efficiency in the higher efficiency position indicating that the alurninum nuts them- 
selves were a minor source of efficiency loss, independent of their unbalancing 
impact. 


The reason for the impact of the orientation of the rectenna elernent 
in its test position upon operating efficiency is traceable back to an interaction 
between the rectenna element and the metalic cylinder which surrounds a portion 
of the rectenna element. Ideally, the two-wire transmission line should be 
electrically centered in the metallic cylinder. If it is not, a plus-plus mode con- 
tamination superimposed on the normal plus-minus mode of the transmission line 
will result. The harm that this does depends both upon the amount of the imbal- 
ance and what impedance the plus-plus mode couples into. 


If the rectenna transmission line itself is electrically symmetrical 
and if it is mechanically centered in the metallic cylinder, the amount of imbal- 
ance will be negligible. However, the old design was not electrically symmetrical 
in that aluminum nuts were used on one side of the transmission line while the 
heads of the teflon screws protrude on the other side. The 3-48 thread on the 
diode also protrudes from one side which is the same side that the metallic nuts 
are on. Now, when the rectenna element is inserted into the fixture, and if the^ 
center line of the rectenna element corresponds to the center line of the metallic 
cylinder, the side of the transmission line with the nuts will couple more closely 
to the cylinder and set up an imbalance which will produce an^efficiency loss. 
Presumably if the rectenna element is taken out, rotated 180 , and replaced, the 
nuts will be on the other side of the cylinder, and the imbalance and efficiency 
impact will be the same. But if the axis of the cylinder and the rectenna element 
do not coincide, then the results of the 180 degree rotation will be different; there 
will be more electrical imbalance in one position than for the other and the 
result in efficiency measurements may be noticeable. 


* The use of aluminum nuts in the design of the RXCV rectenna element 

was based upon better delivery and lower cost of aluminum nuts and tests 
which were not refined enough to detect an appreciable difference in opera 
ting efficiency of the aluminum and teflon nut designs. 
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In conclusion it is observed that good electrical 
be incorporated into the design of the rectenna foreplane if 
consequence loss in efficiency is to be avoided. 


symmetry should 
mode conversion with 





4.0 SCHOTTKY BAFRIER DIODE DEVELOPMENT 

The m3.teri&l discussed in this section is closely ^ssocisted with the 
material described in Section 3.0. Section 3.0 stresses the work done in modify- 
ing the circuits to a higher impedance level and the results of the total circuit 
and diode modification efforts in terms of higher efficiency obtained for the lower 
levels of microwave power input. It was acknowledged in Section 3.0 that the 
diode modifications were an important part of the effort. In this section the work 
on the diode will be stressed. 


Historically, much of the improvement in rectenna element performance 
has been attributable to improvements in diodes. (Figure 1-16.) The major 
improvements in diodes have resulted from reducing the series resistance of the 
diode. This reduction was accomplished in part by using GaAs as the semicon- 
ductor material. GaAs has a much higher mobility which results in much lower 
series resistance. Another major improvement was making the thickness of the 
epitaxial layer as thin as possible consistent with thickness required for the re- 
verse breakdown voltage, Vj^j., specified. Most diodes are constructed with 
excess thickness of the epitaxial layer to obtain greater yield. A quality control 
problem is basically involved in making them thinner. Another important 
improvement in diode construction, the plated heat sink design, reduced the 
contribution of the resistance of the substrate to the total series resistance by 
greatly reducing the substrate thickness. 


even after these improvements it was known that the losses in the 
diodes were considerably greater than circuit losses; therefore, further improve- 
ments would most likely come from improvements in diodes. Confirmation of the 
source of losses of a more quantitative nature has resulted from the present work 
as escribed in Section 2.2.3. Diode losses have now been measured quite ac- 
curately, and the circuit losses sufficiently so by experiment and computer simu- 
lation. These measurements indicate that the diode losses are significantly 
greater than circuit losses. Circuit losses other than those represented by the 
diode Itself tend to be 3% or less of the power input, while diode losses range 
from a minimum of 6% to much higher values. 


Rectenna element efficiency with the diodes available from the RXCV 
program were found tQ be close to 90% at the power levels corresponding to such 
optimum efficiency. These levels were in the three to ten watt region. How- 

ower levels of 50 milliwatts the RXCV rectenna elements would 

per at only 58%. (Figure 3 -1 . ) Since the circuit losses tend to remain 

relatively constant, such low efficiency must be associated with the diode or the 
manner in which it is used. 


, Prior to this technology development program it had been established 
that most of the loss in the diode at such low power levels was associated with 
the voltage drop across the Schottky barrier itself and that the extent of this loss 
relative to the microwave power input was roughly given by the ratio of the drop 
Schottky barrier to the DC output voltages as discussed in Section 
2.2.4. xo improve the efficiency the DC load resistance could b«-increased or 
the drop across the barrier reduced. 


An approximate analysis of losses in the diode as it is used in the rectenna 
element also indicated that the capacitance across the junction should be reduced 
if the diode were to be operated at higher impedance level. Two major modifica- 
tions in the diode were therefore indicated if it were to be used at a lower power 
level - a decrease in the junction capacitance and in the voltage drop across the 
junction. Another area of interest was the further progressive reduction of the 
epitaxial layer thickness into the **punch through*’ region to establish the impact 
of this upon the efficiency of the diode. , 

A search of other possible junctions reveals that the Schottky barrier 
voltage for a GaAs-W barrier is about 25% lower than that of the GaAs-Pt 
barrier. An objective of this contract was to build some diodes with the GaAs-W 
barrier and to evaluate them. Now tungsten is a desirable material from most 
viewpoints but it is more difficult to get it to bond to GaAs than it is platinum. 
Fortunately, the development effort concerned with getting a satisfactory 
mechanical and a satisfactory electrical bond between GaAs and Tungsten was the 
subject of an ongoing effort supported by another contract. The diode devel- 

opment work for this contract benefited from that experience. 

The voltage current characteristic of a GaAs-W diode constructed under 
this contract is compared with that of a GaAs-Pt diode specified for the RXCV 
element. { Figure 4-1. ) Both diodes had approximately the same reverse break- 
down voltage and the same junction capacitance so a direct comparison can be 
made. The GaAs-Pt diode was a diode that had been used as a standard during 
the construction of the JPL RXCV rectenna. It is noted that the slope of the vol- 
tage-current characteristic in the forward direction of the two diodes are essen- 
tially the same, indicating that the series resistance of the diodes are very similar. 
The essential difference in the two diodes is in the Schottky barrier voltage and 
that this difference as measured by the intercept of the tangents of the voltage- 
current characteristic with the zero-current axis is about 0.2 volts. This is the 
value that one would expect. 


The impact that the reduced junction voltage would have upon improvement 
in efficiency of the rectenna element was examined by putting the diodes in the 
ground-plane test fixture { Table 4-1) and then running a comparison test of 
overall efficiency and diode losses. The results indicate that the reduction in 
diode losses are just about what would be anticipated from the reduction in the 
Schottky- barrier voltage. 

The major importance of the comparison tests between the GaAs-W and 
the GaAs-Pt diodes is to confirm what was expected - a slight improvement in 
efficiency at the higher power output levels with a greater improvement as the 
DC voltage output was reduced. There were no surprises. 

As we nought to improve the efficiency at the lower microwave input levels, 
however, some unexpected difficulties were encountered. As the DC voltage on 
the diode is increased for a given input power by using a higher value of DC load 
resistance, the loss in the series resistance during the conduction period goes 
down while the loss in the series resistance during the non-conduction period in- 
creases rapidly due to the charging current flowing into the junction capacitance. 
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Figure 4-1. 


Comparison Between Voltage Current Characteristics for 
GaAs-P^ and GaAs-W 





The distribution of losses is such that the junction capacitance and therefore the* 
area of the junction should be reduced. 

The reduction of the capacitance across the diode did not improve the low 
power performance of the diode as much as anticipated. This was because of a 
complication caused by the emergence of the back contact resistance as a sig- 
nificant portion of the series resistance when the active area associated with a 
low capacitance junction is small. The resistance in the depletion layer is very 
low in a diode designed for low reverse breakdown voltage, even in a small 
junction area associated with a small capacitance. The back contact resistance 
increases greatly, however, because the distance between the junction and the 
back contact is so small in a plated heat sink diode that the current does not have 
a change to spread out. This suggests making the base material out of a heavily 
doped material to keep the spreading resistance low and of sufficient thickness to 
allow spreading to a large area to cut down on the back contact resistance. Un- 
fortunately diodes made in this fashion do not perform .as predicted because cur- 
rent at the microwave frequency flows close to the surface, resulting in signifi- 
cant skin resistance between the active junction and the back contact. There are 
ways to reduce this skin resistance by evaporating a metal deposit over most of 
the surface flow path and thereby reducing its length. However, this is a rec- 
ommended, activity for the future since such diodes were not made under this 
study. 


4. 1 The Diode Design and Construction Matrix 

The approach to the design and construction of the diodes took the 
following objectives into consideration: 

1. To use the RXCV diode and rectenna element as a base and 
performance reference. To this end the RXCV diode has been 
included as one of the end items in the matrix. 

2. To permit a_ systematic evaluation of the impact of various 
parameters and to note any inconsistencies in results or de- 
partures from expected behavior. 

3. To use two types of barriers, GaAs-Pt and Ga-As-W, to investi 
gate differences in their efficiencies. And also to investigate 
GaAs-W barrier construction techniques. 

4. To investigate the performance of diodes having a lew value of 
zero-bias capacitance and to confirm the design prediction that 
a lower value of capacitances would iir prove the efficiency of 
the diode and rectenna element at low power levels. 

c. To compare the performance of diodes having greatly different 
values of reverse breakdown voltage, particularly at low power 
levels. 
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6. To investigate the performance impact of reducing the thick- 
ness of the epitaxial layer. 

To implement these objectives a matrix plan for diode fabrication 
was derived, as shown in Figure 4- 2 . 

Figure 4f? indicates various kinds of diodes that result from such a 
construction matrix. The matrix produces 16 different kinds of diodes from each 
wafer. Two diodes of each kind, or a total of 32 diodes from each wafer, were 
generally made available for testing. 

A brief description of the manufacturing sequence may be of interest. 

The epitaxially grown surface of each wafer was covered with a 
material resistive to etching. The resistive coating from a portion of the wafer 
was then removed, and the thickness of the epitaxial layer was reduced by the 
application of an etch. Then the resistive coating was removed from another 
area, and the etch was applied to both areas. Then the resistive coating was 
removed from a third area, and the etch was applied to all three exposed areas. 

In this manner, the four different thicknesses of the epitaxial layer correpond- 
ing to the designations A, B, C and D on Figure 4-2 were established. The 
designation A corresponds to the unetched portion of the wafer. 

The wafer was then divided into two parts. Tungsten was deposited 
as an interface with the epitaxially grown active area on one part while platinum 
was deoosited on the other part. A heat sink in the form of a gold-pi.ating deposit 
about three mils thick was then attached to the metallic deposition and was lapped 
down to flatness. Then most of the substrate was removed by grinding. 

An ohmic contact was made on the back of each piece of material. 

A photomask technique was used to define the area occupied by the ohmic contact 
for each individual diode. After the etching process, the ohruc contact was about 
six mils in diameter. The mesa of the diode was then defined and etched to a 
diameter of about eight mils. The diodes were then separated from each other by 
an etch applied to the outboard side of the heat sink. AH-er etching and diode 
separation each heat sink was about twenty by twenty nhls in size. 

The individual diodes were then mounted by a brazing technique to the 
package heat sink. The diode mesas of half of the assembled units were then 
subjected to an etching process until the zero-bias capacitance was close to 3. 
picofarads. The remainder were etched down to a value of about 1 picofarad. 

4. 2 Life Test on Rectenna Elements and Diodes 

Prior to the work undertaken under this contract there had been a 
life test started on rectenna elements and diodes utilizing the 199 elernent rec- 
tenna array development under an earlier MSFC contract. Because of the impor- 
tance of the information being obtained from the life test, the life test was con- 
tinued. Altliough the work was not a portion of the present contrac^ral effort a 
summary of the results of the life test are being included here for documentation 

and reference purposes. 
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Figure 4-2, Diode Matrix and Manufacturing Sequence 
























The life test that was run is important because it was the first and 
only life test that has been run on Schottk' barrier diodes used as high power 
microwave rectifiers. Normally these devices are used in Impatt applications. 

It was appreciated that the dissipation level in the Schottky barrier diode when 
used as a microwave rectifier would be considerably below the dissipation level 
when it is used as an Impatt device and that the dc bias on the diode would be less 
than half that in an Impatt device. These were factors which would normally en- 
hance the life of the device. Still the microwave power rectification was a new 
application for the device and there had been no life experience. 

Fortunately the rectenna designed as part of a complete microwave 
power transmission system (shown in Figure 1-13) for Marshall Space Flight 
Center made a natural test rack and panel for the evaluation of diodes used in 
RXCV rectenna elements. 19^ rectenna elements could be inserted into the rec- 
tenna test panel. These elements were the same ones used in the certified demon- 
stration illustrated in Figure 1-13. Further, the radial Gaussian pattern of 
illumination made it possible to vaiy the operating power level of the diodes. over 
a wide range and provide a step stress kind of life test. The rectenna elements 
were combined into sets, each set being comprised of those elements which had 
a common radius from the center and therefore similar power illumination as 
indicated in Figure 5-13. The dc output terminals of all the rectenna elements 
in a set were connected in parallel across a common load for that set. If only one 
diode shorted out, there would be zero voltage across the load which would ex- 
tinguish a light normally continuously on. In the case of an open diode, a reduc- 
tion in power output of the set would be found when the total current in a set was 
periodically checked. 

It was convenient to break the total number of elements down into 
seven groups depending upon the incident power. The power level and set num- 
bers included in a group is given below. 


Group Desienation 

Set numbers 

Power Range 
of Group 

No. of Units 
in Group 

A 

1.5, 16, 17, 18, 19, 20 

0. 2-0. 5 Watt 

78 

B 

12, 13, 14 

0. 5- 1, 0 Watt 

30 

C 

9,10,11 

1. 0-2. 0 Watt 

30 

D 

6, 7,8 

2. 0-4* 0 Watt 

24 

E 

4, 5 

4. 0-6. . Watt 

18 

F 

1,2,3 

6. 0-8. 0 Watt 

18 

G 

0 

8. 0-10. 0 Watt 

1 

199 


It is therefore seen that the life test is conducted with a power range 
of over 20, making it possible to observe if the diodes in the high power range 
degrade more rapidly than those in the low power range. 

Using this equipment a life test was started on 17 March 1975 and 
with occasional interruptions had reached 2913 hours by 22 Sept. 1975. During 


noticeable efficiency degradation. 

If we apply MTBF tables to this life test data, and request a 90 P®^^" 

cent confidence facMr! we find that the MTBF 9l’ 

we relax the confidence factor to 50 percent, an MTBF of 7«5,4»i nours 

years Is obtained. 

™ "efubuL",7vMut‘^XhlTMt Talie“r“at7/Lg\ffi:u djtt in efficietn 
L7e y7-“ irchange and one which ia eas ily attributab e 

The average deviation of the ratios from unity is 0. 0123. Of special inceresc i 
the fact that no degradation was noticed for the rectenna elements operating at 
hfgh poVer leve?s? These power levels are several times what would be antitipa- 

ted in the SSPS rectenna. 

Figure 4-3 provides a summation of the life test data taken up to a 
total of sligiSly over 800. 000 diode hours. After the 2913 hours of life test just 
reviewed If operator accidentally applied much higher mlcrowav^ '°S 

t«t s”t and four diodes failed in Group P. The first life test failure not i a be 
test set a ^„„„.tor error occurred at 3078 hours. It occurred in Group F. 

^e'life^est was continued without additional failure to 4178 hours when it was 
S?t7tLn for7vo weeks. In restarting the life test the ‘ 

failgad It is believed that the applied microwave power was at an excessive 
level.’ The life test was discontinued on 24 March 1976, a little i-nore than a year 

after it had started. 

In summary, a great deal was learned from the life test. The test 

r s7t7pr‘roropiiatir waT^I^^ 

forX ssre and no degradation in eificiency was noted tor «■ f 

a running time of 1800 hours. The life test results were marred by operator 

error but there was a continuous period of time with n .i failv-es o ^ o7907a 

fndTcated a mean time between failure of 27 years with a confidence factor of 907a 
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TABLE 4-2 

EFFICIENCY PERFORMANCE 


No, of Initial 

Elements Current Current Current 

Set# in Set 151 Mrs 1428 Hrs 1800 Mrs 


Ratio of 

Current (1800 Hrs) to 
Current ( 151 Hrs) 


1. 0120 
0.9978 
1.0079 
1. 0008 




Beyond current range of monitor meter. Average 

Ratio: 


1.0040 

0.9936 


0. 

9961 

0. 

9987 

0. 

9939 

0. 

9992 

1. 

0018 

0. 

9714 

0. 

9840 

1. 

0085 

0. 

9890 

1. 

0428 

0. 

9875 

0. 

9964 

0. 

9600 

1. 

0339 

0. 

9838 


0. 9982 
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5 0 INTEGRATION OF IMPROVED DIODES AND CIRCUITS INTO A DESIGN 

COMPATIBLE WITH THE LONGER RANGE OBJECTIVE OF A LOW-COST 
RECTENNA SUITABLE FOR SSPS DEPLOYMENT 

5. I Introduction 

Prior to this contract, there had already been an appreciable base 
established for a low-cost design. Early rectenna designs had employed a two- 
plane construction in which one plane was merely a metallic reflector of some 
kind while the other plane contained the half wave dipole, the rectification circuit, 
and the DC collecting busses. However, in an attempt to better understand the 
behavior of the rectenna array, as well as to incorporate some necessary har- 
monic filtering into the system, the developme^ had subsequently 
direction of a three-plane system in which the DC power was collected in a thir 
plane which was behind the reflecting plane. This development sponsored by 
MSFC support led to better performing rectenna hardware as well as to a better 
understanding of its behavior. It was then very logical to use the design of the 
MSFC hardware as a base for fulfilling the NASA sponsored JPL contract calling 
for the efficient reception and rectification of substantial amounts of microwave 
power (30 kw) that was to be transmitted over a distance of approximately l.b 
kilometers. 

At the successful conclusion of that effort it was logical to think in 
terms of returning to the two-plane construction and to incorporate the best 
features of the three-plane rectenna development into it. The present stu y 
successfully pursued this conversion while taking these pertinent factop into 
account: (1) the need for protecting the active portion of the rectenna from the 

weather environment (2) the need to minimize radiation of unwanted harmonics 
(3) the desire to utilize the front active plane of the structure as a structura 
element to reduce the cost of materials and the cost of fabrication, and (4) t o 
need to develop an output voltage of at least 1000 volts to establish efficient DC to 
6rcyc°e inversion. It 1. boliotod th»t the dcsig,. approttch that has rcsdlt^.l tom 
the present contract fulfills all of those requirements as well as lending itsell to 
a low-cost high speed construction. There are many details, of course, that nee 

to be filled in. 

The general design approach that has resulted from this study is 
shown in Figures 5-1 and 5-2. The construction shown in Figure 5-2 is identical 
to that tested out in the 199 element array for compatibility evaluation except for 
the addition of the teflon caps over the half wave dipoles and the replacement o 
the solid metallic reflector with the electrically equivalent wire mesh. 

The exploded view of the foreplane structure shown in Figure 5-3 
clearly differentiates between the basic core structure and the external metal 
shield which also doubles as a major structural element. 

In the material that follows we will discuss various aspects of the 
development and how it should integrate into further development programs and 
the final manufacturing process for the SSPS. The description of the testing an 
electrical data are given in Sections 5.5, 5.6, and 5.7. 
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Figure 5-.. Physical construction of two-planc rectenna. With the excep 
tion of covoi-s (white teflon sleeves in photograph ) this is the same five 
element foreplane that was electrically tested in Figure 5-12. Reflecting 

cc^c from hardware cloth is representative of what could be used in 

SSPS rectenna. 







A logical revision 

;te ia rapidly -<i » transmUaion to each 

S'/SeDCp-:r. 

:fuL" c r 

continuously together ‘"lira's an earlier variant). The 

?o\«Ttt'rmnnh-ss^ 2 ^^^^^ ,^lo as possible consistent 

material from yf tjh the shiel ^ structural purposes. 

with the strength that production assembly 

At this point of development, the ^u seq ^P „any fabrica- 

methods have not beeo defined, but one-n rmag^ “P^^^Ung structure 

tlon >".a<:bi»es fl^t^g reflecting plane in tu™ 1 = assembly then rolls oft 

“ ;:r.:r:;:.. 

,.,rf - 

lengths of rectenna seversta 

eomplleate , Is^l^^ecCt^arinXrdf 

¥ bi:”-^ ’^rerarse°ofnL‘Vc*o;:Sc;f^^ s.: 5 :’ s 

would probably be ^V°^ct"enna with ten billion elements ^on- 

time. This would be about ^ ^ k the rectenna panels 

production of recte , . a-u 8760 hours of a year s . c n 265 

^Uct the rectenna within the 87 O h at the rate °ly»-^atbt- 




Figure 5-3, Basic core structure design illustrating the joining of individual 
rectenna elements to each other to form a linear, easily-fs-bricatcd structure 
performing the functions of DC power bussing and microwave collection and 
rectification 





Figure 5-4. Proposed method of continuous fabrication of the core assembly 
of rectenna elements. 



Figure 5-6. A mechanical mockup of the proposed design of Figure 5-1 
showing how the metal envelope can be assembled to the core rectenna in a 
continuous -flow type of manufacturing assembly. The metal envelope is an 
early design and has been superceded. 




TABLE 5rl 



STATISTICS ON RECTENNA 


Wavelength 
Rectenna Diameter 
Total Area 

Average Power Density 

10,000 Megawatts DC 

5,000 Megawatts DC 
Total Number of Rectenna Elements 
Rectenna Element Density 
Maximum Power Per Element 

10,000 Megawatts DC 

5,000 Megawatts DC 


12.25 cm 

9. 2 Kilometers 

66 X 10^ Square Meters 

151 Watts/Square Meter 
75 Watts/Square Meter 
1.32 X 10^° 

200/Square Meter 

2. & Watts 
1.4 Watts 
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Figure 5-6. Artists' com-opt of ,i n .ovine ret-terma facUiry. Materials 
brought in at one end of factory are basic i „er edieius to In eh "K'-t '■'> °' 
mated manufacture and assembly of retteiina panels vvhieh flute f""""''- 
TsTy from other end of factory. Panels are placed on footmes also pla. 

in the ground by the moving factory. 
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that appears to be attractive is the use of staked-in alumina pins which supply the 
needed capacitance as well as the means of holding the structure together and 
spacing the core structure from the metal shield. A preliminary assembly that 
has withstood some initial thermal shock testing is shown in Figure 5-7. 

5.3 Interrelationships Between the Losses in DC Bussing, the Cross 


Section of the DC Busses, the DC Power Collected by Each Element, 


the Density of the Rectenna Elements, and the Required DC Output 


Voltage Level 

It has been recognized that the rectenna DC power must be collected 
locally at a significantly high voltage for two reasons. The first o!: these is to 
avoid excessive expense for collecting busses and the second is that the devices 
used for inverting dc into 60 cycle power become highly efficient only at voltage 
levels of 1000 volts or more. How does this requirement tie in with the proposed 
fabrication technology? 

In order to get the required voltage it will be necessary to connect 
in series sections of rectenna line in each of which the individual diodes are 
operated in parallel. Also, it will be necessary to have an outbound section as 
well as an inbound section because of the series connection. This results in the 
circuit as shown in Figure 5-8. It is noted that the series connection of the sec- 
tions can be accomplished without any additional expense as part of the fabrica- 
tion procedure shown in Figure 5-4. The only requirements are that one side of 
the line be cut between successive sections'*' and that the direction of the diodes 
be reversed in successive sections. 

With this material as a background we are now in a position to derive 
a useful formula which relates the length of the structure to (1) the ratio of I^r 
loss to the collected dc power, (2) the number of rectenna elements per unit 
length, (3) the dc power level collected per unit clement, and (4) the dc resist- 
ance provided by the side rails of a single rectenna element. The formula 
follows : 


= 10 “ 


2 

n w r 


where : 


= the total length in meters of two strings of rectenna elements, 
which represent the outbound and inbound strings, res pectively < 

= the ratio of the total I^R loss to the total dc power collected. 

= the number of rectenna elements per motor. 

= the dc power collected by each element. 


Cutting the soctioni in this fashion would perturb tho porformance of the X/4 
isolating section and needs to be looked at in more fl«‘tail. 
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Figure 5-7. Suggested assembly method in which staked-in ceramic pins 
provide the dual function of assembling the rectenna element and behaving 
as electrical capacitance in the low pass filter. 


INBOUND SECTIONS 

SECTION (n-1) SECTION (n. 2 - 2) SECTION n^2 ■ 1 




SECTION 1 


SECTION 2 


SLCTICti 2 -) 


lECTlCN 


Figure 5-8. Schematic electrical drawing showing how the sections ol 
parallel diodes are connected in series to build up to the 
desired voltage level at the output. 



r = the dc resistance provided by the side rails acting as dc 
collecting busses for one single element. 

If we substitute into this formula the value of n of 13 that is currently 
being used, and the value of r of 1, 72 x 10”^ ohms for the RXCV rectenna element, 
we obtain the following expression 

L = 1854x/^ (•» 


As an example, if the I R losses represent 1% of the dc power 
collected (k = . 01), and w is one watt, the total length of the assembly is 185.4 
meters. It follows that the number of elements in the string is 2,405, the dc 
power collected is 2.405 kilowatts and the I^R losses are 24 watts. Depending 
upon the proper value of resistive load for each rectenna element, there will be 
between 40 - 60 sections connected in series. Of course, the total number of 
elements should be some integral multiple of the total number of sections and 
will, therefore, not be exactly the number 2.405. 

The weight of the aluminum raw material stock from which the 
rectenna line loop of 185.4 meters is constructed in 5020 grams or 2.09 grams 
per element. At a current base price of 41^ a lb for aluminum, this represents 
a raw material price of 0, 183 ^ per element, or $1,83 per kilowatt. 

If the size of the rectenna requires 10^® elements, and the construc- 
tion remains the same throughout the rectenna, a total of 2.3 x 10'^ tons of 
aluminum will be required, or about 0. 35 of one percent of the total aluminum 
produced in the United States in one year. 

There is, no doubt, some tradeoff in the value of electrical energy 
against the investment in conductors for bussing the power. However, the 
fabrication technique that is shown in Figure 5-3 presents definite restrictions on 
the cross sectional size of the conductor. It is also noted that rectenna elements 
made by conventional printed circuit technology would not provide significant 
self-bussing (or cooling of the diodes) because of the small cross section of the 
conduction numbers. 


5, 4 The Design and Construction of the 5-element Foreplane 

The 5-element foreplane is the terminology used to describe all of 
the structures shown in Figures 5-2 and 5-3, with the exception of the reflecting 
plane. This ‘section will describe the design considerations going into the design 
and construction of the outer metallic shield and the core-assembly. 


5,4. 1 


Considerations in the Design of the Outer Metallic Shield 


In this design, the metallic shield fulfills three requirements 
imposed upon it: (1) the prevention of direct radiation from rectifier circuit into 

space, (2) to function as a structural element for the rcctenna, and (3) to be 
fabricated economically. 

A photograph of the shield as mechanically fabricated is shown 
in Fig^ire 5-9. The top and bottom parts are identical. The form of the shield and 
its appearance when combined with the rectenna core arc shown in Figure 5-10. 

The choice of the kind of metal and its thickness for the fabrica- 
tion of the shield received considerable attention. Aluminum was selected as the 
initial material, primarily because it represents i.n excellent tradeoff between 
cost and durability. A secondary factor ws^s its lo\r electrical loss, which is of 
some importance because some currents v'ill flow fn the walls of the shield. 
Stainless steel might also be considered, but it wonld be considerably more expen- 
siven even after allowing the use of a thinner material because of the higher 
modulus of the material. 

The requirement for low material cost which will ultimately 
represent most of the cost of the rectenna indicated that the stock should be as 
thin as possible since material cost is approximately proportional to thickness. 

On the other hand, the strength of the shield as a structural 
element, the deflection of the shield due to an external force, and the period of 
vibration will be dependent \ipon material thickness and upon the si^e and shape 
of the cross-section. Further, if the external force is caused by wind pressure, 
this force will be a function of the size and shape of the structural element. 
Although this situation would seem to generate a complex tradeoff, matters arc 
greatly simplified because the size of the tubular shield must be at least 1*0 
cm for mechanical reasons of housing the rectenna element core and to allow for 
adequate insulation in the grommet that fits between the shield and the antenn i, 
but no larger than 1.5 cm because of increased wind resistance and non- TEkl 
modes that could exist for high-order harmonics in larger tubes. A good com- 
promise would seen to be a U25 0 cn: tube, and to luca.i. rectangular rather 
than circular in shape because of the increase in moment of inertia by a factor 
of 5.33 and therefore greater stiffness and strength for a given wall thickness, 
and because of the much easier problem in designing a suitable grommet. 

The problem then narr^w^j down to a selection of the thickness 
of the material from which the tube of square cross-section will be made. This, 
in turn, will depend upon an appreciation of how the metal shields fits into the 

overall rectenna as a structural clement. F rom Figure ^-1 it is seen that the 
tube is joined onto a foot which would normally bo a part of the same continuously 
formed piece and that this foot, in turn, is joined onto the reflecting plane made 
from some kind of an expanded metal or interwoven wire (with secured joints at 
the crossovers). Thus, the moment of inertia of the metal shield arounds its 



nmif-ral axis narallel to the metal screen and at right angles to the axis of the 
shape. 

It is noted th-'.t the screen itself will prevent the foot of the 
•structural member (that is, the point at which it joins to the metal screen) from 

bfc^ul^ris °oin^r?o tlf ^^etal^hTeU'" 

tr>n far from the foot of the structural member itself. This all aaas p 
^fry smtu amount ot deflection in a direction normal to 

On thp Other hand if Figure 5-1 is examined, the metal shield as a structur ^ 
olcamcnt is seen free to flex at the point where its foot joins the metal screening. 
This could normally be taken care of by inserting some webbing between the oo 
of the structural member and the square tubular section and welding it 
rnfaffll interfaces The method of continuous fabrication of the shielding rnember, 
wllet mtS:-the iLertion and welding of such a web a - 

On the Other hand it would be possible to attach a supporting member to the po t 
Se post irshown in iUustration ^1 as a - T" beam). The supporting member 
wouirclsist of two parts : an upper part which would prevent any upward 

moUon of the tubular portion of the metal shield and a lower part which would 
prevent any downward movement of the metal shield. Then, 

vertical supporting posts (the "T” sections again), the bending of the tubular 
portion of the shield halfway between the supporting posts would be 
bv the moment of inertia of the tubular section about an axis nortual to its ovn 
aLfLd normal to the supporting screen, and by the constraint placed on the 
foot of the shield where it joins the reflecting screen. 

A consideration of all of these factors led to a choice of 
. 1 . \d£itcri3Ll in tliis thickness 

rin^rrrcOTSUtcntwim that have been catimated tor 

^rS^rc^r'thSes^ we%f ;btatc^^^^ ^;:T„u‘aTLlecVr or-,?.'o^30 < ihichnesa 
wa.s made# 

The 0.020 e m thick material is much thinner than is normally 
used in the shop and outside the scope of normal shop familiarity and shop equip- 
ment Temporary tools were used, therefore, in the laboratory o orm ^ic 
material as shown in Figure 5-9. Since the material was fornied arouno coi - ^ 

merciallv available ground steel stock, a high degree of precision in forming c 

A simple drill jig was also necessary for posit, omny an,. 

drilling the holes for the grommets. 


The toot or turned up section 

rectifying screen was not *^X°eTen,ents from the reflecting plane 

l?en utaftl^Idt r^^tritrer^of ‘th^'r,, elenrent reetenna. 


Because the shield was used for an experimental assernbly 

containing the rectenna core which was modified during the P®/'mkehi^e 

edges of the shield have holes drilled in them to permit the use of 0-80 machine 
s?rewrtrhold tL pieces together. When the two halves are jotned together with 
machine screws, a surprisingly stiff member results. 


5.4.2 


Considerations in the Design of the Core Assemb^ 


It was determined early in the work performed under the contract 

Most of the effort in the design of the 5-element foreplane 
assembly was in connecting the five elements together. Ihis 
probSm was complicated by the fact that the pitch 

distance between centers of the successive ® Une that If- neces- 

enough to include the shorted quarterwavelength section of air une ma 

sary^to isolate the elements from each other at the fundamental frequency 
2.45 GHz. 

This problem was resolved by adding a capacitance in shunt with 
the input of the shorted^section of line to resonate it at the fundamental 
From^a physical point of view, this was accomplished by f 

washer L the input of the low pass filter so that there of 

mechanical complication. The solution is much superior to filling the sectio 

line with a continuous dielectric. 

By adding another capacitance of the proper value at the 
noint of the section of line, it was possible to make the section an electrical ha 
wavelength at the second harmonic while still maintaining a quarter-wavelength 
at the fundamental with now another value of capacitance having been selected 
for the input to the line. The half-wavelength line at the second harmonic can 

t'cSitnr eSi;?ran?rn or 

correlate with an increase in the generation of second harmonic power in t 
rectification circuit and suggested an investigation 
as a function of the termination of the low pass filter at 

antenna. Although such an investigation was needed, part 

diversion to the main thrust of this task, which was to test the f p P 

of the 199 element MSFC rectenna. The midpoint capacitance, therefore, wa 
not included in the construction of the core assembly. 

Before concluding this discussion it is noted in Section 3.4 that 
the second harmonic can be reduced considerably by tuning the intervening section 
of line to the second harmonic. The criticality of the adjustment was not noted 
although it may well have been there. 


5 . 5 Tests of the Separate Rectenna Elements in the Foreplane Structure 

•vlth the use of the Expanded Waveguide Flxtu:.-c 

Because the individual elements are isolated from each other in the 
foreplane structure it should be possible to check the elements individually. 
Therefore, extensive tests were carried out on the individual elements in the 
foreplane assembly using a modified expanded waveguide test fixture. The modi- 
fications consisted of cutting deep slots into the sides of the test fixture to accept 
the foreplane. After the foreplane is inserted into the test fixture, the lid is 
closed and clamped. Secure contact is made between the lid of the fixture and the 
back of the foreplane section with the use of machine screws, although good 
contact does not appear to be necessary for proper operation. 

Table 5-2 presents the results of the final tests that were made on 
each of the rectenna elements in the foreplane structure. A set of five GaAs-W 
Schottky barrier diodes fabricated as part of the diode development 
program was used. Each of the five diodes was also checked out in an RXCV 
element to ascertain if there was a substantial difference in efficiency between 
the RXCV element in the foreplane structure. A slightly lower efficiency (less 
than 1%) of these elements in the foreplane was noted. This loss was probably 
caused by the losses in the section of the transmission line that joined the 
rectenna section to the next within the foreplane construction. The average over- 
all efficiency (the ratio of DC power output to incident microwave power) of the 
5 elements in the foreplane was 87. 86%. The reflection loss was only 0. 26%. 

An incident power level of 4 watts was used for the test. 

Although it was possible to match the foreplane elements so that there 
was a very small reflection, in the cases of elements 4 and 5 the efficiency 
decreased substantially when the elements were matched out. This was not the 
case with the other three elements, and there was no obvious cause of the 
anomaly experienced with elements 4 and 5. 

5.6 Smith Chart Presentation of Reflection Data 


A Smith Chart presentation of microwave reflection as a function of 
incident microwave power level and the ohmic value of DC load resistance, nriade 
for a typical element in the foreplane structure is shown in Figure 5-11. This 
Indicates, as had previous measurements of reflected power, that low values of 
reflected power (less than 1%) can be obtained over a relatively wide range of 
microwave power input if the proper load resistances are used. However, the 
reflection can be made to vanish only for ^ combination of load resistance and 
microwave power input. An adjustment of the load resistance primarily accom- 
modates a mismatch of the resistance portion of the microwave load, but not the 
reactance part. The admittance is measured at the point where the half wave 
dipole input terminals connect to the input of the low pass filter. A temporary 
short at this point was used to find the corresponding reference point on the 
moving-probe slotted waveguide standing wave detector. The slotted wavegnide 
standing wave detector is attached to the input of the expanded waveguide test 
fixture. Figure 5- II utilizes only the central part of the Smith Chart in order to 


Table 5-2. Comparison of the efficiency of the five elements in the 































ADMITTANCE COORDINATES 



Figure 5-11. Input admittance to the foreplane rectenna element measured at the 
juricti< of the half-wave dipole to the low- pass filter section. Input admittance 
is a / . '^ /♦‘.ion of the input microwave power level and the DC load resistance. Data 
were .cained using the expanded waveguide test fixture and one of the elements 
in the foreplane construction. The rectenna element tested was connected in the 
intended manner to the adjacent rectenna elements. The susceptance component 
can be varied by resetting the position of the movable short near the diode rec- 
tifier. By adjusting this setting and the DC load, it is possible to obtain a zero 
power reflection for a wide range of inciden:: power. The 5-watt input level was 
placed at the center of the Smith Chart because this is the intended power level 
of operation when the foreplane structure is put into the 199- element rectenna for 
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show clearly in the form of concentric circles the relatively small amount of 

nfaf relatively large variations in admittance f.-om 

that which matches the generator source. It is noted that a very wide ram-c of 

input power is associated with a value of reflected power less than 1% of the 
incident power. 

The data in Figure 5-11 are plotted in admittance form. The conduc- 
tance component tends to remain constant, while the susceptanco component 

to va^lToA ?h “"""n i» ‘he DC load resi.stance tends 

to vary both the conductance and susceptanco components. 

The variation in susceptance as a function of power level undoubtedly 
comes from the variation in the capacitance of the Schottky barrier diode as a 
function of the bias voltage which is determined by the power level and the value 
u 1 t-u ^ resistance. The average value of this capacitance gets reflected 
bei^g^mealured^ two- stage low loss filter to the point at which the admittance is 

5. 7 3!est_qf_tl^ 5 - element Foreplane as an Integrated Part of a 

Larger Array 

The 5-element foreplane structure was integrated into the 199- 
clement rectenna array and an attempt was made to uncover important differ- 
ences between the behavior of the rectenna prior to suoh incor poration. 

No important differences were discovered. The foreplane assembly 
consisting of the metallic shield and the core assembly of five rectenna clemenL 

FLureTlz' Th 199-element rectenna, as shown in 

wls rbnn output power from the foreplane, as expci imentally measured, 

^ I- with what tne power output would have been froro the five 
On elements that it replaced, according to a formula to be explained later, 

n the basis of this comparison, the measured power output of the foreplane 

the^^arrl'e slightly higher than predicted at lower power and about 

rbara T levels. This behavior could be accounted for by the 

diodes used in the elements in the foreplane and by other 
that Jhrs e^ r possibilities taken into consideration was 

the^^I^nfr of r ^ the foreplane were robbing power from their neighbors as 
the result of operating into a lower dc load resistance. However, a wide variation 

= ‘o ‘h<= foruplane structure did not substantially 

wbo^ aggregate power picked up by all. the diodes in a central circular area 

whose diameter was larger than the length of the foreplane structure. 

To begin the experimental study of the integration of the foreplane 
into the 199 element array, it is noted that in the 199- element array all of the 
rectenna elements lie on sets of circles with different radii but with a common 
center. The common center is at the center of the array. Starting from the 
center, there is a single element at the center, designated set "O”. There are 
six elem.ents in Set No. I which has the smallest finite radius, six more in Set 
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• The test set-up for checking the foreplane type of rectenna 
array. The five element foreplane structure is placed at 
the center of the array as shown. The DC output is dissipated 
in a resistive load. The collected power from the foreplane 
can then be compared with the power that would have been 

collected frorn the five elements that it replaced by a procedure 
discussed in the text. pruceuure 
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Figure 5-13, Schematic Showing that all Rcctenna Elements are Parts of 
Sets, With Six or Twelve Elements Per Set, Which lie on 
Circles Concentric with the Rectcnna Center, In the 199- 
Elemcnt Array there are 7 additional sets to the 14 of this 
figure. 



Figure 5- 14. The average DC power output per element in a set of elements 
is plotted as a function of the radial distance of the set. The resulting points 
of data may be easily fitted to a Gaussian curve which is the approximate 
power density distribution in the beam. 



RELATIVE INCIDENT MICROV/AVE POWER 

Figure 5-15. Experimentally observed power outptit of the 5-elenTent fore- 
plane structure is compared with predicted power based \ipon power picked 
up by remaining elements in sets whose total number of elements included 
elements in the forepl^me structure. Data set No. 1 and No. 2 were taken 
at different times. Inconsistency of data at the ’’relative incident microwave 
power” value of 1,0 is caused by difficulty in resetting the incident micro- 
wave power level from one set of measurements to another. 




over a-comparavively wide range of input power levels. The maximum average 
power level of the elements in the foreplane structure was 4.34 watts. Higher 
levels were not sought in order to minimize the possibility of diode failure 
since these diodes do not have a particularly high reverse breakdown voltage. 

The data shown in Figure 5-15indicate that the power output of foreplane 
structure has a close linear relationship to the incident power level, as does the 

formula for the predicted power level which is composed of experimental inputs 
from Sets 1 and 3. r r 

Because portions of Sets, 1, 2 , 3, 4, and 5 interact with the foreplane 
structure, it is of interest to see how the power outputs of these sets behave as a 
Jinction of the dc load resistance placed upon the 5-element foreplane structure. 
Figurei>-io shows the aggregate power output of the foreplane structure plus the 
power outputs of Sets 1, 2, 3, 4, and 5 all of which have some mutual coupling 
impedance to the foreplane structure, as the dc load resistance of the foreplane 
structure changes from 25 to 41 ohms. The aggregate power rises by 2% over 
mis range. The behavior of the individual power in the sets is also shown in 
Figure 5«16. As the load resistance of the foreplane structure is increased the 
power output of the foreplane structure decreases bv about 4% while the power in 
sets 1 and 2 increases by about 4%. Sets 3 and 5 are relativel''^ unchanged. Set 4 
has an increase of about 2%. 

The qualitative observation is that the perturbation of the aggregate 
power and the individual set powers is not greatly influenced by the dc load 
resistance of the foreplane structure. However, it is noted that the agreement 
between predicted foreplane power and experimentally observed values is a func- 
tion of the foreplane dc load resistance. This relationship is shown in Figure 5-1?. 

1 . . aggregate power increase as a function of the foreplane dc 

load resistance may be correlated with a decrease in reflected power as deter- 
mined by VSWR ratio measurements with a probe in front of the center of the 
iv VSWR ratio measurements with a probe in front of the center of 

the 199-element array. The validity of this kind of measurement is good if the 
Illumination is gauss ian and if the percentage of power reflected is uniform over 
the array. In the efficient operation of the 199-element array, the elements in 
each set are trimmed for minimum reflected power at the power level at which 
they are intended to operate. The reflection loss that is experienced wh«n they 
are operated at other power levels is suggested by Figure 5-H. 


, 1 . ^ -u • illumination of the rectenna in which the foreplane is incoroor- 

ated, the incident power level is different on the five elements, although they 
share a common load. Hence, the situation for making VSWR measurements is 
not Ideal, particularly in close proximity to the three central elements of the 
^replane structure where these elements will dominate the reflected power. 
However, It the probe is backed off, the VSWR ratios become more valid. Under 
these conditions, the VSWR associated with a 25-ohm load is 2.8 dB as compared 
with 1.5 dB for the 40-ohm load as shown in Figure 5-18. The corresponding 
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Figure 5-17. Agreement between experimentally measured DC power 
from the foreplane structure and predicted value as a function of foreplane 
DC load resistance. 



Fieure 5-18. VSWR ratio and min position as a function of the DC load 
resistance of the foreplane construction and of the distance of the pro 


the dipole plane. 





reflected powers are 2. 5% versus 0. 7%. The difference of 1.8% in reflected 
power correlates with the 2% increase in aggregate power. However, the micro- 
wave input measurement accuracy and the validity of the reflected power percen- 
tage by the VSWR measurements make such good agreement appear to be^ 
coinciuental. 


IT- c ,o 't?® VSWR measurements that were obtained are shown in 

f igure ^la The 25-ohm load definitely gives a higher VSWR at all probe posi- 
tions. However, the variation in VSWR as a function of probe position is not 
characteristic of measurements that had been made previously in this structure 
Without the foreplane structure, as shown in Figure 5-19 

The fact that the 5 elements of the foreplane receive different amounts 
of microwave power but operate into a common load raises the question as to the 
effective load res istance each one sees. If the assumption is first made that the 
efficiency of the rectenna element, and therefore its power output is affected to 
only a minor degree by modest perturbation of its load resistance, it is simple 
to calculate these load resistances. Thus, out of a predicted foreplane power 
output of 18. 59 watts, 2. 94 watts comes from each of the two elements in Set 3 

^iem^nf Tr"" elements in Set 1, and 4.46 watts from the central 

element. The voltage across the 35-ohm load resistance for 18. 59 watts input 
is 25. 51 volts. Since all the elements operate in parallel, the respective load 

inifo^rnTt^nr^n^V and 145 ohms respectively. It is possible that the non- 

vqwp ^ leflection from these elements may contribute to the difference in 

VSWR patterns between Figures ^18and 5.19. The reflected power that would be 
associated with these load resistances and these power levels for the individual 
e ements tested in the expanded waveguide fixtures are giv^n in Figure 5-11 
According to this figure. 2 94 watts and 221 ohms gives 1% power reflection with 
an adn-uttance component of 0.8 and very little susceptance; 4. 13 watts and 
157 ohms gives 1 /o reflection with an admittance component of 1. 1 and a susceot- 
ance corriponent of .16; 4.46 watts and 145 ohms gives a power reflection of 1.2% 
with an admittance component of 1.2 and a susceptance component of about 0. 2. 



RELATIVE POWER LEVEL ON dB SCALE OF POWER METER 


Figure 5 



19. Rectenna Edge to Horn Mouth Spacing 67 Inches, Frequency Z38Z MHz, 
Center Rectenna Element Matched at 9.4 Watts in Expanded Waveguide 
Fixture 



6.0 SUMMARY OF RESULTS 

The technology development covered by this final report was concerned 
with improvements in the reception and rectification of microwave power at the 
receiving terminal of a free- space power transmission system. More specifi- 
cally, it was concerned with an application to the solar power satellite concept in 
which solar energy is captured in a geosynchronous satellite and then, after an 
imtermediate energy conversion process, transmitted to earth by a microwave 
beam. The background of previous effort in developing a suitable technological 
approach to this portion of the transmission system, together with system studies 
which have developed a set of specific requirements, indicated that development 
be carried forward in certain key areas with the following objectives: 

1. More efficient operation in general, but particularly at lower incident 
microwave power densities. 

2. Better confidence and finer resolution in efficiency measurements. 

3. Better knowledge of the efficiency loss mechanisms. 

4. Better understanding of the operation of the device through computer 
simulation. 

5. Development of improved diodes. 

6. A decrease in the radiation of harmonic energy. 


7. The development of a design that is environmentally sound, 

8. The development of a design that allows low cost production- 

9. An assessment of life of recteun? elements. 

These objectives were addressed in the technology developinent contract 
and significant progress was made In all of the areas. The results are discussed 
in the following material in the same sequence. Items 7 and 8 because of their 
close overlap are reported upon as a single item. 

1. Improvements in Efficiency 

Improvements in efficiency were accomplished through the use of 
higher impedance microwave circuits, higher DC load resistances, 
and the use of improved diodes developed under this study. These 
were changes incorporated into the rectenna element which is the 
basic building block of the rectenna. The improvements in efficiency 
ranged from a.fraction of a percent at six to eight watt level of micro- 
wave power input to the rectenna element to twenty percent at an in- 
put level of 50 milliwatts. More specifically, the changes resulted 
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the losses in the rectenna element. This was done by developing a 
procedure to measure the losses in the diode, which was determined 
to be the principal loss mechanism, and developing a procedure based 
ps-rtly on experimental measurement of losses and partly upon com- 
puter simulation to determine the circuit losses in the rectenna 
element. 

As a result of this procedure there is a much greater confidence in 
the probable error of efficiency measurements established on the 
basis of calibration procedures originating with the Bureau of Stand- 
ards and transferred by suitable means but with an estimated error 
to a test arrangement for measuring rectenna element efficiency. 

The probable error in efficiency measurements is ±0.6% for measure- 
ments over 100 milliwatts, and ±0.4% for measurements at 100 milli- 
watts. 


There was an improvement effected in resolution of efficiency 
measurements by using a digital meter on the microwave power input 
measurement and a digital voltmeter to measure the DC voltage 
across the carefully calibrated DC load resistance. 

It was also determined that the reproducibility of efficiency measure- 
ments depended heavily upon the electrical and mechanical symmetry 
of the rectenna element itself. Higher order modes in the expanded 
S'^lde test fixture can also be a minor source of measurement 
difficulty depending upon the coupling symmetry of the rectenna ele- 
ment and upon the frequency of testing. This is a characteristic of 
the test fixture itself and would not be experienced in the use of the 
rectenna element in the rectenna array. 


Quantitative Evaluation of Losses in the Rectenna Element 

Prior^ to this contractual effort only engineering estimates of the 
quantitative values of loss mechanisms in the rectenna element wera- 
available. Under this contract a highly accurate method for experi- 
mentally determining the total losses in the diode was developed. 
Experimental measurements were also made on the losses in the in- 
put low pass filter section of the rectenna element. Losses in the 
r.ectifier tank circuit were obtained fron'. the computer simulation 
program. 

The measured losses in the diode agreed with previous engineering 
estimates. The minimum total losses in the diode were found to 
range from as low as 7.4% of the input power for microwave input 
levels of several watts to very high values for very low power in- 
puts. At very low power inputs there was a substantial error in- 
volved in the experimental method. 

Circuit losses other than those taking place inside the diode were 
found to be in the region of 2 to 3%. The probable en or in these 


measurements is greater than for the diode* For one set of 
measurements the circuit loss was set at 2.37%± 0,4%. 

A novel method for accurately measuring diode losses was developed 
under this contract. The method made use of a ground-plane test 
fixture in which the balanced rectenna element is simulated by split- 
ting the element into two halves and then locating one half of the ele- 
ment above a ground plane. This permits the use of a thermistor 
bridge to measure the temperature rise in the diode as the result of 
power dissipated inside the diode. The bridge is calibrated in terms 
of power dissipated in the diode by injecting and accurately measuring 
DC power into the diode. However, the measurement technique is in- 
sensitive to whethe. the heating source is DC power or microwave 
power since both are dissipated within the diode semiconductor chip. 
Hence when the diode is operating normally in the rectenna element 
as a microwave power rectifier the power dissipation is determined 
from the thermistor bridge and assumed to be the total loss in the 
diode as it is normally used. 

Mathematical Modeling and Computer Simulation 

The rectenna element, although it has the mechanical appearance of 
being a simple device, and in the half wave rectifier configuration is 
indeed the simplest electrical device, is nevertheless an electrically 
very complex device when it is examined in detail. This complexity 
is caused by the high non-linearity of the device, which generates 
harmonic power which greatly complicates the waveforms of the volt- 
age and current within the element. To analyze the behavior of the 
device in detail it is necessary to resort to computer simulation 
based upon a reasonable mathematical model of the element. 

Under this contract, a successful effort in mathematical modelling 
the element and simulating its performance on a computer has been 
successfully carried out and has resulted in a technique that is cer- 
tain to be of great importance in further refinement of the rectenna 
element. 


The computer simulation program has generally given results that 
confirm the experimental results, but upon occasion has indicated 
differences which have led to investigations to resolve the differences. 
For example the diode losses were first computed on the basis of the 
theoretical design of the diode and found to be less than those mea- 
sured, It was found that the forward voltage drop as measured by 
DC voltage measurements was greater than that predicted from 
theory leading to the conclusion that-the ohmic contact is not purely 
ohmic but retains some Schottky barrier characteristics which con- 
tribute to the voltage drop. 


The computer simulation program has also indicated that there is 
the possibility of a combination of effective diode capacitance, input 
microwave power level, and setting of the effective inductance in the 
rectifier tank circuit that can cause the generation of much power in 
the higher order harmonics and decrease the efficiency significantly. 
Thus the computer simulation program provides a useful means of 
providing a large variety of operating conditions that would be difficult 
to reproduce experimentally. 

Development of Improved Diodes 


A significant number of different diode designs were produced under 
this contract as an aic in investigating their impact upon improved 
rectenna element performance. The most significant development 
was the use of a GaAs-W barrier in place of the well-established 
GaAs-Pt Schottky barrier. As anticipated, this reduced the forward 
voltage drop by about 0. 2 volts or about 25%. This reduction is of 
great significance in efficiency improvement when operating elements 
at a very low incident microwave power level. 


^e development of the GaAs-W barrier is a significant achievement 
because of the difficulty of the bonding properties of their physical 
interface. A solution to this problem was found under separate con- 
tractual support and enabled us to adapt the same fabrication techni- 
ques to-the diodes that were developed under this contract. 


The effort to develop diodes for improved performance of rectenna 
elements when they are subjected to low values of incident microwave 
power has estabUshed the importance of the resistance of the back 
contact as a limiting parameter. Improved diodes for low power 
operation are made with lower junction capacitance and therefore 
with reduced junction area. Because the distance between the junction 
area and the back contact is so small in the plated heat sink diode, 
the current does not have a chance to fan out before making contact 
with the back contact. Since the series resistance in the epitaxial 
layer is very small for these diodes which have a high doping density 
as well as a thin epitaxial layer the back contact resistance becomes 
a dorninating element. Since the technique of applying the back con- 
tack for these diodes is the best available, there is no way of reducing 
the specific resistance (per unit area) of the ba( k contact without 
active development effort. However, it is possible to increase tht> 
distance between the back contact and the epitaxial layer in order to 
let the current fan out. Diodes were made with this feature and it 
was found that the series resistance as me asure(i bv DC voltage was 
indeed reduced. However, it was found that these diodt-s did not 
provide improved performance and it was then found that the micro- 
wave resistance was higher than the DC resistance, indicating that 
there was a skin effect involved. 


If further development is undertaken on diodes for low-power density 
applications it is recommended that the following items be examined: 

a) The reduction of the specific resistance (ohms per unit area) of 
the back contact. 

b) The increase of the back contact area. 

c) A decrease in the skin resistance of the surface of the substrate 
over which the microwave current flows to the back contact. 

d) An increase in the doping density of the substrate to decrease 
the spreading resistance and decrease the skin resistance. 

Radiation of Harmonic Energy From the Rectenna Element 

A two-section low pass filter is inserted between the half-wave dipole 
of the rectenna element and the rectification circuit to store energy 
between rectification periods and to reduce the radiation of harmonic 
energy from the dipole. It has been recognized that there is an 
opportunity to enhance this attenuation in the design of the two-plane 
rectenna construction, because the section of transmission line that 
connects one rectenna element with the next can be made a half-wave- 
length long at the second harmonic and provide an effective shorting 
out of second harmonic energy at the input terminals of the halfwave 
dipole. It is recognized that this would be a critical adjustment if 
full advantage were to be taken of it. 

This approach was investigated with mixed and uncertain results. As 
the technique was studied on the ground plane fixture, it was deter- 
mined that the absorption of second harmonic energy into a matched 
50 ohm load, which represented the input to the dipole terminals, 
could be reduced by another 3 0 dB by adjusting the length of this 
section. There was even a slight improvement in efficiency noted. 
However, when the same technique was later applied to the section 
of the two-plane construction that was built and evaluated, it was found 
that there could be a two to three percent drop in efficiency at a point 
of adjustment of the electrical length of this line extremely close to 
the one found optimum for the reduction of harmonic energy. In any 
event the maximum reduction in harmonic content was nominal. 

It was also found that an open circuited stub line resonant at the third 
harmonic could be added to the terminals of the dipole input and result 
in a reduction of third harmonic output energy from 40 dB to 55 dB. 

The Development of a Design that is both Environmentally Sound and 
is Suited to Low Cost Speed Production 

The development of basic technology for the rectenna for the full scale 
satellite solar power station is quite well advanced, but the adaptation 


of this basic technology to a rectenna that is environmentally sound 
and that can be made at low cost in large volume production was 
recognized as an area of special study. The SSPS rectenna design 
problem is a complex one in that many different requirements must 
be met sirnultaneously. The active rectenna elements must be ade- 
quately shielded from the environment, it must be possible to inter- 
connect the elements in such a manner as to produce an output DC 
voltage of 1000 volts with adequate electrical insulation, and the 
complete rectenna structure must be structurally sound and capable 
of withstanding sizeable wind and ice loads. 

It has been recognized for soine time that the approach to meeting 
these requirements should be based on the two-plane rectenna ele- 
rnent construction. In this arrangement one plane is merely a reflec- 
ting plane which can be made from a coarse mesh with a surface 
which is highly resistive to deterioration under long life and harsh 
environmental conditions. The other plane then contains the elements 
of collecting the microwave power, converting it into DC power and 
bussing it to some central point of DC power collection. 

Two rnajor accomplishments in achieving a practical two-plane con- 
were realized. The first of these was the adaptation of the 
RXCV rectenna element to the two plane construction and the elec- 
trical testing of the new configuration. The second was the develop- 
ment of a metallic shroud that is placed around the rectenna elements 
m the new configuration which functions as both an environmental 
shield and as a main structural element of the rectenna. 

The whole assembly consisting of the rectenna elements in the new 
format and the metallic shroud surrounding it was thoroughly tested 
as a portion of the 199-elcment rectenna that has served as the labor- 
atory test vehicle for many projects. The conclusions are that there 
is no substantial difference in the efficiency or other electrical be- 
havior of the new' two-plane format from that obtained from the normal 
elements in the array which they replaced. A high confidence level 
in the two plane construction has been provided. 

However, the new two- plane design cannot be regarded as a completed 
development. The metallic shroud had holes cut into it for the pro- 
trusion of the half wave dipoles. The addition of some kind of grom- 
met will be necessary to make a weather-proof seal between the le^ 
of the dipole and the metallic shroud. The rectenna elements also ' 
need to be redesigned to eliminate the teflon machine screws and 
other features that arc not indicative of a final production design. 


An Assessment of Life of R^rtatina Element 


Previous life tests were continued on a no-charge basis but ^ith .he 
Previous lite te t technology development program. The 

use of test equipment availab . elements and diodes divided up into 

life test procedure v ..her by the value of the microwave power 
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above the maximum specified for the base line design o 



7.0 CONCLUDING REMARKS AND RECOMMENDATIONS 

The technology of microwave power transmission has been substantially 
advanced with the work covered by this report. Measurement and analytical 
tools are now available for additional, more refined, investigations into efficiency 
and other operational parameters of the rectenna element. A firrn foundation for 
the first iteration of an electrical, mechanical, and environmentally protected 
design of a low-cost rectenna for the satellite solar power station application has 
been established with the effort on the design and test of the two- plane rectenna. 
format covered in this report. 

It is recommended that the next immediate technology development effort 
involve the detailed design and subsequent construction and testing of a section 
of rectenna that will: 

1) Provide 1000 volts of DC potential at the terminals. 

2) Use a revised mechanical design of the core-assembly of the. 
foreplane structure aimed at reduced cost of manufacture and better 
compatibility with the use of an external metallic shield. 

3) Use a fully environmentalized metal shield for the core assembly 
that will take all environment."! conditions into account and which 
will serve as a structural eljment in the rectenna. 


The activity in this proposed effort should be carried out with the construc- 
tion of a larger rectenna, either as part of the effort itself or as part of a subse- 
quent effort, in mind. The larger rectenna should be sufficiently large and with 
a sufficiently tapered illumination to permit its evaluation with the use of an ef i- 
cient microwave generator of about five kilowatts of power output. A gaussian 
illumination should be provided so that accurate measurements can be rnade o 
the absorbing efficiency and overall efficiency of the rectenna. The kind of 
system recommended is shown in Figure 7-1. 

The rectenna in the system should be fully environmentally protected and 
permit its evaluation under a wide variety of environmental conditions. 
rectenna after initial evaluation for its efficiency and other parameters should 
be set up for life test and operated continuously. 







•' development OF COMPUTER SIMULATION PROGRAM 

|: for the rxcv rectenna element 

|. The computer model is based around the element geometry used for the 

r current rectenna element. The physical circuit shown as a photograph in Figure 1 

I r^odels electrically for analysis purposes as Figure 2. 






-£/ -J-X . 



The supply and load segments of the circuit are modeled mathematically 
using the components shown in Figure 2: 

Vs (source) (t), Rs, Cs, R1 (load), Cl; while the other components of the 
rectenna element are broken into multiple subdivisions and modeled by 
transmission line elements with a conduction loss (Figure 3). 


KJ-1) R (J) 


L(J) 


(J) 





V (J-l) 

V (J) ^ 

n 

- C(J) 


— 



Figure 3. Element of Transmission Filter and 

Rectification Section of Figure 2 


i 


The elements L(J), C(J), R(J) are the characteristic inductance, capacitance, 
and "skin" resistance of the line segments. Table 1 lists the number of segments, 
element values, and other parameters used in the direct analysis of the present 
element: 


Major Element 
(See Figure 2) 

# Segments 

R 

(G) 

L 

(nh) 

C 

(pf) 

Elect. Length 
(cm/) 

Cl 

2 

.034 

. 48 

. 20 

. 36 

LI 

3 

. 096 

3. 0 

. 07 

. 43 

2C1 

2 

. 034 

. 24 

. 40 

. 36 

L2 

1 

. 050 

cc 

o 

. 044 

. 32 

L3 

2 

. 0.50 

1. 68 

. 044 

. 32 

When the ground 

-plane fixture 

is used, 

all resistance 

and inductance 


are halved and capacitances are doubled. 
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The diode is placed in the Kth node of the structure and that node is 
modeled as Figure 4. 



In Figure 4: 


R(K) = Loss resistance in element at diode location 

Li(K) = Characteristic line inductance in the element at diode location 

C(K) = Characteristic line capacitance in the element at the line location 

CD = Case capacitance of diode 

LD = "Lead" inductance of diode 

RDV = Voltage variable resistance of diode voltage 

CDJ = Variable junction capacitance of diode 

Perfect Diode: described as Ipj = Is 1 ) 

ID = Total diode current 

IDX = Current through perfect diode 

VDJ = Voltage across diode junction 


The following equation set is used to describe the element at the input: 


Vs(t) = VS sin (ZTTf t) 

gives VST = VS* sin (TWO PI F « TIME) 

= , Vs(t) = V(2)-V(l)+ I(l)Rs+L(2)^ 


( 


gives 


DEL V(l) = - 1(1) * ClNV(l) 

DEL 1(1) = (vST + V(l) - V(2) - 1(1) * Rs) * L1NV(2) 

In the transmission, filter, and rectification section at the Jth node 
C(J) = I (J-1) - I(J) 

D(J-l) = V(J) - V(J+1) - I(J) « R(J+1) 

reducing to 

DELV(J) = (l(J-l) - I(J)) * CINV(J) 

DELI(J) = (v(J) - V(J+ 1 ) - I(J) « (R(J+d) * L 1 NV(J+ 1 ) 

In developing a model of the diode, the assumption was made that an n-type 
gallium-arsenide device operating at about room temperature would be used. The 
device characteristics to be specified are the case capacitance (CD), the load 
inductance (LD), the work function of the metal-semiconductor junction ^Vmetal), 
the forward bias dc resistance (RD), the zero bias junction capacity (CDJO), and 
the reverse breakdown voltage (VDjR). 

In addition, the thermal voltage (KT/Q) is included as an input and the 
resistance of the epitaxial layer (RHO) may be included in the data input or 
computed from other parameters. 


The stages in the calculation of the other parameters follow. A relative 
doping density (DOPING) is derived from the reverse breakdown voltage 

DOPING = (VDJR/75) (x 10^^/cm^) 
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The voltage difference (VDIFF) between the metal work function (VMETAL) and 
the Schottky barrier voltage (VDJO) is calculated from the doping density 


VDIFF = KT/Qin (47. /DOPING) (VOLTS) 


VDJO = VMETAL - VDIFF (VOLTS) 


The junction capacity inverse (CDJl) is calculated from VDJO and the 
present value of junction voltage (VDJ) 


CDJI = 1 


/CDJO ( 


VDJO - VDJ 
VDJO 


Farads 


From other values above the thickness of the epitaxial layer at zero bias (THKEPO) 
and its ideal overall thickness (THKEPR) may also be calculated 


THKEPO = 3. 46 x 10"^ x (VDJO /DOPING)'^ cm 
THKEPR= THKEPO X ^ ^ c m 


Using the zero bias capacity (CDJO) the diode area (AREA) is 


AREA = 3. 59 X lo"^ x CDJO x (VDJO/DOPING)_cm^ 


In the diode the resistance (RDV) also varies with voltage and can be calculated 
from the forward resistance (TD) and the ch'iracteristics of the epitaxial layer. 


RDV = RD - RDVO * CDJI 


where 


RDVO = 9.65 X X RHO. 
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If the resistivity (RHO) of the epitaxial layer is not well known, it may be 
calculated as RHO = . 15/DOPING. 


The material properties of gallium arsenide assumed in the above calcula 
tions are relative dielectric constant (10,9) and density of conduction states 
(4. 7 X 10 ^*^/cm^). 


The terminal characteristics are related by the equation set: 


CDJ (VDJ) = ID - IDJ 

at 


Dd = (V(K) - VDJ - RDV (VDJ) - ID 


where voltage variable junction capacity and epitaxial resistance derived in the 
explanation of the diode model are used. These equations are written a.s 

IDJ = ID JO « ( EXP (QOKT * VDJ - 1)^ 

DELVDJ = CDJl * (ID - IDJ) 

DELID = (V(K) - VDJ - RDV * ID) * LDINV 


At the output terminal (J = NUMNOD) 

C(NUMNOD) dV(NUMNOD) _ I(NUMNOD) - I(NUMNOD ) 
and I(NUMNOD) = V(NUMNOD)/RL 


where RL is the load resistor. 


1 


All above equations describe the instantaneous characteristics cf the system. 
A predictor-corrector routine is used to give the time integrals of the derived 


differentials so that 


T JVl 

fdl(J) =2 


dt s I(J.t) 
dt 


r M 

I dVOT = V dt = v(j,t: 

J n o 


6 

where M steps are used to go from the start of the program to time (r). 

In the numerical routine 

I(J) = I(J) +DELKJ) * TO 
VCJ) = V(J) + DELV(J) * TO 
where TO is the time interval (dt). 

Power calculations use a similar integration technique where for example 
at a particular node 

POWER (J) = POWER (J) + I(J) * I(J) * R(J+1) 
or in the diode 

POWERD = POV/ERD + V(K) ID 
Fourrier coefficients are calculated as for example 


for a variable V(n)i the cosine coefficient of the Kth harmonic is 


cos (ZTT.K.f.t) . v(n, t)-At 


A(n) “ 

one cycle 

The output of the analysis has two parts: (1) an output calculated at the end 

of each cycle to give an idea of 

a) the convergence of the solution 

b) the absolute error in variable integration calculated in the predictor- 
corrector routine 

c) the source of that absolute error. 

(2) In the last cycle, the following information is given for a converged cycle: 

a) at intervals through the cycle at 128 equally spaced points the values 
of eleven terminal parameters of voltage and current 

i) input voltage (VIN) 

ii) input current (1(1)) 

iii) predictor-corrector error in diode junction voltage (ERVDJ) 

iv) predictor-corrector error in diode current (ERID) 

v) diode current (ID) 

vi) diode junction current (IDJ) 

vii) diode junction voltage (VDJ) 

viii) diode voltage (V(NODDIO)) 

ix) load voltage (V(NUMNOD)) 

x) current into diode node (I(NODDIO- 1)) 

xi) current from diode node (I(NODDIO)) 

b) the power integrated over the cycle in all "loss" mechanisms 

i) input power to the element (POV/ER(l)) 

ii) power loss in each skin loss element 
(POWER (J) fox J s 2 to J = NUMNOD-1) 
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iii) power in the source resistor Rs (PWRSRS) 

iv) power in the load resistor R1 (POWERL) 

v) power loss in the diode junction (POWRDJ) 

vi) power loss in the diode series resistance (POWRRD) 

vii) power loss in the total diode (POWERD) 

(A. good check on the convergence in the system is that POWERD should equal 
POWRDJ + POWRRD and 

NUMNOD 

POWER(l) = POWER (J) + POWERL + POWERD 

J = 2 


The element match to the input may be determined by comparing POWER (1) to 
PWRSRS. If there is a perfect match POWER (1) = PWRSRS. ) 

c) Sine, cosine, and dc Fourier coefficients are calculated for the first 
five harmonics of the input frequency. The variables so analyzed are 

i) diode current (ID) 

ii) diode voltage (VNODDIO) 

““ (V(Mir«M2rv,’',5‘3'^S' -<■>• 

d) An automatically scaled graphical display of four currents and four 
voltages at each of the 128 points tabulated is presented on two plots 
(one of voltage, one of current). The variables displayed are 

i) 1(1) as an asterisk 

ii) ID as an X 

iii) I(NODDIO- 1) as a plus 

iv) I(NODDIO) as a zero 

v) VIN as an asterisk 


vi} VDJ as an X 

vii) V(NODDIO) as a plus 

viii) V(NUMNOD) as a zero. 

Input variables available to the user are presented in a NAMELIST format. 
All program inputs are backed up by default data in the program that will cause 
the program to run for an original set of inputs. The user may access and chang 
the data variables with single cards in an unformatted input. The input variables 
are automatically listed under a heading of the associated NAMELIST. 

Following is a list of input variables and their functional meanings. 




LIST OF INPUT VARIABLES AND THEIR FUNCTIONAL MEANINGS 


CNTROL (control elements ) 

VSTART Initial bias placed on the structure 

- if this number is negative all voltages are assigned the 
bias value 

- if positive the program will read data inputs under 
NAMELIST INIT 

MAXCYC Number of rf cycles run before print out of last cycle. 

STDERRi Optional convergence criteria which may be used to initiate the 
CLOSER/ end of the run on print out last cycle. 

NUMNOD Number of nodes in the elememt. If the maximum number of nodes 
(19) is chosen, the program assumes a ground plane fixture is 
being used and adjusts element parameters accordingly. 

NPRINT Number of data points printed in the final cycle 


CIRELS (circuit elements outside the diode) 
R(J) Skin losses 

C(J) Characteristic capacitances 

L(J) Characteristic inductances 

RS Source res 

RL Load resistor 


Default values 

match the rectenna element 

used in RXCV 

Will be adjusted to ground 
plane values if NUMNOD = 1 


DIODE LS (diode 
NODDIO 
CD 
LD 

VMETAL 

VDJR 

CDJO 

KTOQ 

RHO 


parameters) 

Diode location in the rectenna elemcni: 

Package capacity 

Package lead inductance 

Schottky metal work function (volts) 

Breakdown voltage (a negative number) (volts) 

Zero bias junction capacity (farads) 

Exponent multiplier (thermal voltage of diode junction) 
Epitaxial resistivity of diode (ohm cm) 

• if this is made negative the program calculates 
RHO = . 15 X ^/DOPING LEVEL 




T 



i 


TIMELS (timing elements for a cycle) 


FREQ 

VS 

NUMSTP 
Ml 
M2 
M3 


Microwave frequency in Hz 
Drive source amplitude (volts) 

Number of subdivision of one microv/ave cycle 

Node number of V(M1), I(M2), V(M3)for 
which Fourrier coefficients will be calculated 


INIT (initial conditions) 


Initial values of node currents anc voltages if 
VST ART < O, this list will not be read and aF 
V's will receive a default value equal to VST ART 
all I's will be set to zero. 


ERRORS (error criteria for use in predictor corrector) 

These values are present for future program expansion and are not 
currently in use. 


V(J) 

I(J) 

VDJ 

ID 


Data may be changed from its default values by the following procedure 
(an example). Place at the end of program execution cards the following 


- - $ CNTROL - VSTART = - 8 - $ 

- - $ CIRELS - $ 

- - $ DIODELS - $ 

- - $ TIMELS - VS = 16. - $ 

In this case only the operating level of the "default" element-diode com- 
bination has been changed to a low power case. Note that almost all 
NAMELIST names had to be read whether ar not they were used to change 
"default" data. INIT was not read since VSTART was negative. 
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